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Abstract  
Abstract 1 
 
This research focuses on the development of whole column detection (WCD) for 
liquid chromatography (LC). The WCD uses electrochemical techniques for detecting 
the analytes passing through the separation column. Electrode array for in-column 
electrochemical detection (ICED) is fabricated along the separation column to enable 
whole column separation monitoring and allow better understanding on the affinity of 
particular analyte to the stationary and mobile phases.  
Numerical models were built to understand the feasibility and differences of 
electrochemical detection within an unpacked and packed column. From the simulated 
results, the surface area of the electrode was not hindered by the presence of the 
particles in flow condition.  
An electrochemical microfluidic device has been successfully fabricated on PET 
(polyethylene terephthalate) substrate using the reverse imprinting technique. The 
photolithographically produced gold metal electrode lines were imprinted into the 
PET substrate using a blank mould and produced an inlaid electrode array with overall 
step residue within 40 nm. The semi-cured thermoset polyester channel was 
irreversibly thermal bonded on the PET substrate. The devices were able to tolerate 
pressure in excess of 90 bars. The PET column was packed with 5 µm C18 silica 
beads to perform reverse phase chromatography separation. 
The array was electrochemically characterised using standard redox probes in both 
stagnant conditions and under flow. Both numerical modelling and experimental data 
show improved sensitivity under flow and a limiting current which scaled linearly 
with cubic root of volume flow rate. Isocratic and gradient mode chromatographic 
separations of neurotransmitters and metabolites: serotonin, dopamine, adrenaline, 5-
HIAA and DOPAC were conducted in the fabricated device. Separation progress was 
electrochemically detected at multiple locations along the column. Whole column 
assessment on separation efficiency and column packing efficiency monitoring were 
conducted using the ICED. 
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Chapter 1  
Introduction  
 
 
1.1      Background 
 
Chromatography [1, 2] and electrophoresis[3] are the major separation 
techniques used in chemical components separation and also important tools for 
chemical analysis [4] and bioanalysis[5]. Whilst chromatography was developed 
initially for purification of chemical samples and extracts of natural products it is now 
widely used for analysis since it conveniently combines some aspects of sample 
preparation with qualitative analysis, based on differential mobility and quantitative 
analysis by integration of the detector signal. Since mixtures are separation during the 
course of the analysis and widely used detectors are ideally non-specific, more than 
one analyte can be determined per experiment.  
 
Chromatography is a pressure driven separation method: different affinities of 
the analytes for the mobile phase and the stationary phase under pressure will cause 
separation of analytes as diverse as proteins [6] to neurotransmitters[7]. 
Electrophoresis is based on differential migration of ionic species in a conductive 
medium under the influence of an electric field.  
 
In principal there are many different detection strategies though the goal is 
typically to have non-selective detectors with similar sensitivities for different 
analytes.  However, selective detection, where only some species are detected at all, 
may be advantageous for the highly complex samples such as those found in 
environmental and biomedical analysis.  In these circumstances, detection of only the 
species of interest reduces the strictures of the separation itself. The most widely used 
detectors are based on the absorption of ultraviolet/ visible light either using a single 
frequency or simultaneous multiple wavelength detection using photodiode arrays.  
This most closely meets the specification of universal detector as many organic 
compounds, particularly amino acids, peptides and protein, absorb in those 
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wavelengths.  Mass detectors, notably low cost ion traps and quadrupole devices have 
become increasingly significant in recent years [8] building on their original 
application in gas chromatography.  These approaches have been particularly applied 
in complex bioanalysis and again are remarkably general though expensive and 
demanding to maintain and unsuitable for non-expert use.  Outstanding limits of 
detection and qualitative analysis can be achieved using tandem LC-MS-MS where 
the first mass detector is a soft ionisation source for quantitation and the second MS 
permits positive identification form the fragmentation pattern.  Other significant 
chromatographic detectors include fluorescence mass electrochemical detection which 
are selective unless employing labelled analytes or indirect detection strategies. 
 
Regardless of the underlying physical or physicochemical principle, detection 
takes place at a single point either at the end of the column or following post-column 
derivatization.  Identification of the separated components is based on the retention 
time, i.e the time taken between injection of the mixture and the elution of individual 
components. Single point detection can make an analytical assay time consuming, as a 
single separation can take 15-45 minutes to resolve and the chromatography process 
essentially acts like a black box as the detected components are only revealed after the 
separation process ended. 
 
The underlying phenomenon in both chromatography and in electrophoresis is 
the migration rate. If this could be measured directly, analysis could be completed 
once ‘fit-for-purpose’ results are obtained. This approach is known as ‘whole column 
detection’ (WCD) and has been the subject of a recent review [9]. Whole column 
detection hold out the prospect of improved selectivity and rapid analysis in liquid 
chromatography (LC) [10]. Reports of whole column detection were first reported in 
the early 1980s: using UV detection [11], a photomultiplier for fluorescent 
analytes[12]; whole column imaging using charge-coupled sensors[13] and whole 
column radioactivity detection [14].  
 
An on-column electrochemical detection was reported by White et al. on an 
open-tubular column where the electrode was inserted at the end of the capillary 
column [15]. Due to the high sensitivity of chromatography column to dust and 
impurities within the stationary phase, insertion of sensors within the separation 
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column presents engineering challenges. However, the emergence of microfabrication 
technology provides new opportunity for in-channel sensing and miniaturization of 
liquid chromatography is now feasible [16]. Miniaturization does however provide 
additional challenges for detection since the sensitivity of optical and spectroscopic 
methods scales with volume. However, electrochemical methods rely on induced flux 
rather than “molecular counting”, and thus scale better, typically with linear 
dimension.  
 
Whole column electrochemical detection for separation technique therefore 
promises to be an attractive combination and a worthwhile research opportunity. This 
thesis presents and discusses the possibilities, compatibility and feasibility of the idea 
of whole column detection for separation science. 
 
 
1.2       Separation based techniques 
 
 Separation science has been an important tool in analytical chemistry and 
bioanalysis since its emergence over one century ago [17].  The two most widely used 
separation techniques are capillary electrophoresis (CE) and liquid chromatography 
(LC). These separation techniques are normally combined with various detectors such 
as UV, fluorescence and electrochemical [4]. 
 
1.2.1  Capillary electrophoresis (CE) 
  
 CE involves application of high voltage field between two electrodes placed in 
separate vials that are typically connected by fused silica capillary tubing with a 
length below 100cm and narrow bore which is less than 150µm. The capillary is 
normally filled with buffer solution acting as a salt bridge to complete the circuit in 
the system. Separation occurs upon application of electrical potential across the 
capillary. Figure 1.1 shows the basic schematic of a CE system. 
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Figure 1.1:  Schematic diagram of CE system. 
  
Ions or solutes migrate under the influence of the applied electric field. Separation by 
electrophoresis relies on differences in the migration velocity which in turn depends 
on charge density. The flow direction of the ions migrating in the capillary is 
predominantly determined by the electroosmotic flow (EOF) due to the applied 
electric field and surface charge of the capillary wall. In addition to EOF, ions will 
move due to electrophoresis. The ions move with a velocity determined by the 
magnitude of the applied voltage field and the electrophoretic mobility (µep) of the 
ion. For example, when samples are introduced at the anode and the EOF moves from 
the anode to the cathode, the cations have positive µep, neutrals have zero µep and the 
anions have negative µep. Normally, cations migrate faster than the EOF and anions 
migrate slower than EOF; neutrals migrate with the same velocity as the EOF and are 
not resolved under normal circumstances. Therefore, separation arises solely from 
differences in µep  [3, 18]. 
 
1.2.2 Liquid chromatography (LC) 
 
 Liquid chromatography began in the 19th century. The first literature report of 
chromatography was by Tswett in 1903 [19, 20]. Classical LC was conducted using a 
glass column packed with the stationary phase. The column had an inner diameter that 
ranged from 1 cm to 5 cm and a length from 50 cm up to 1 m and the size of 
stationary phase particles ranged between 150 µm to 200 µm.  
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 LC is performed by having mobile phase percolating through a column packed 
with porous inert support (usually silica or alumina) now more usually coated with a 
suitable thin film, acting as the stationary phase. The mixture of chemical compounds 
introduced at the beginning of the column is washed through the column by the 
eluting mobile phase. Different affinities of the analytes for the mobile phase and 
stationary phase allow separation to take place. For instance, a component that is 
weakly adsorbed on the surface of the stationary phase will travel through the column 
more rapidly than compound that is more strongly adsorbed to the stationary phase 
surface. 
  
 However, this conventional elution method for separation process can be time 
consuming. Rapid liquid chromatography was developed gradually in the 1960s and 
became known as high performance liquid chromatography (HPLC) due to the 
emergence of high efficiency materials and improvements in instrumentation. The 
speed of the separation process has been rapidly improved by applying positive 
pressure to the separation column.  In the past 50 years HPLC has earned its 
popularity in the separation science due to its wide range of separation abilities and 
ease of application [1, 2, 5, 18].  
 
1.2.2.1 High performance liquid chromatography 
 
The apparatus of the HPLC system typically consists of a high-pressure pump, 
an autosampler and injector, a column containing a high efficiency stationary phase, 
and a detector and data acquisition system. Figure 1.2 illustrates a schematic diagram 
of the basic instrumentation of the HPLC system. 
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Figure 1.2: Basic HPLC instrumentation. 
 
 The process of HPLC begins with the sample of the mixture or analytes being 
injected into the system and a high-pressure pump supplying mobile phase through 
the column. The LC separation column is typically a stainless steel or a 
polyetheretherketone (PEEK) column with an inner diameter of 0.2 mm to 5 mm and 
length of 5 cm up to 30 cm. As columns are mainly very expensive and can be easily 
degraded by dust or impurities in the sample or solvent, the entrance of the main 
column is protected by a guard column that contains the same stationary phase as the 
main column. High purity, spherical, microporous particles of silica that are 
permeable to solvent are used as the stationary phase packed within the column. The 
most commonly used packing materials are microparticulate silica beads ranging in 
diameter, from 3 – 10 µm, which in bulk, resemble fine talcum powder. Other packing 
materials such as fluorocarbons, carbon, alumina or polymeric resins have been 
developed as silica has a limitation for pH less than 2.5 or above 9, severely limiting 
separations for strong acidic or basic materials which would elute with the solvent 
from within this pH range. Most analytical HPLC is done with chemically modified 
silica as the stationary phase. The silica particles are chemically modified so as to 
alter the properties of the silica surface, which is important for the so-called reversed 
phase (RP) separation mode. 
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 The separation of components occurs as the analytes and mobile phase are 
pumped through the column. The mobile phase used can be water, organic solvents or 
buffers. Mixture will be introduced by the sample injector at the beginning of the 
column. The components in the mixture are eluted from the column as a narrow band. 
Different affinities of the components for the stationary phase and mobile phase will 
cause separation of the mixture. Finally, these separated components pass through the 
detector and signals that are generated will be recorded. The recorder or the data 
acquisition system records the narrow band of analytes as peaks appearing in time.  
The appearance and the shape of the peak carry information about the 
chromatographic process. 
  
 There are five different common separation modes of chromatography based 
on the mechanism of interaction between the solute, stationary phase and mobile 
phase. Table 1.1 summarises these five common chromatography separation modes. 
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Table 1.1: Summarised of different separation modes in chromatography based on the retention 
mechanism. 
 Separation mode Principle 
1. Adsorption Solute is adsorbed on the surface of the solid particles and 
equilibrium between the stationary and mobile phase 
accounts for separation of different solutes. 
 
2. Reverse phase Non-polar stationary phase is used by covalently bonding 
alkyl chains to the support surface and reversing the 
elution order. The partition coefficient depends on the 
affinity of the solutes to the stationary and mobile phase. 
 
3. Partition Solute molecules partitioned between the stationary liquid 
and a separate mobile liquid phase. The liquid stationary 
phase forms a thin film on the surface of a solid support 
and solute equilibrates between the stationary liquid and 
the mobile phase. 
 
4. Ion-exchange Retains solute molecules based on coulombic (ionic) 
interactions. Stationary phase surface displays ionic 
function groups that interact with solute ions of opposite 
charge. 
 
5. Molecular 
exclusion 
Does not rely on attractive interaction between solute and 
stationary phase, this technique separates molecules by 
using molecular size which determines the average path 
length through the column packing (gel). 
 
 Of these separation modes, reverse phase LC with bonded phases is the most 
widely used as it allows samples with a wide range of polarity to be separated; the 
mobile phase requirement is inexpensive; it can be used to separate ionic or ionisable 
compounds by using ion pairing or suppression agent; it also is a very reproducible, 
fast and easy to operate separation mode [1, 5]. 
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1.2.2.2 Reverse phase liquid chromatography 
  
 In reverse-phase liquid chromatography (LC), the polarity of the stationary 
phase is lower than the mobile phase. The stationary phase is prepared by chemically 
bonding non-polar molecules on the solid support (silanol groups) and is normally 
made up of hydrophobic alkyl chains into which analytes are partitioned. Due to the 
sizes of the hydrophobic groups such as octadecylsilane (ODS or C18), it is not 
possible to have the whole solid surface covered. As a consequence, non-reacted or 
uncovered silanol groups remain and may cause peak tailing. Therefore, end-capping 
process is used to reduce these non-reacted silanols to a non-polar bonded phase by 
supplying to the column a small silylating agent such as trimethylchlorosilane. 
 
 Ideally in reverse phase HPLC, analytes migrate through the column in a 
neutral form. Under condition that there are no ionisable groups, water and an organic 
solvent based mobile phase will be sufficient for the separation. However, if ionisable 
groups are present, pH adjustment is necessary for the mobile phase. Conventionally, 
silica based columns are only tolerant of pH in the range 2.5 – 9.0. Below pH 2.5, the 
bonded phase may be hydrolysed and above pH 9.0 the silica support starts to 
dissolve. However, some improved silica based columns are currently tolerant up to 
around pH 10.0. 
  
 There are three common alkyl chain lengths commercially available for 
bonded phase, C4, C8, and C18, where C4 is normally used for protein separation, C8 
and C18 is used for capturing small biological molecules such as neurotransmitters 
and drugs. The most common chromatography columns use octadecyl (C18) and this 
is often the default column in routine analytical chromatography. 
 
1.2.3 State of the art 
 
 The conventional CE and LC systems are always bulky with a footprint of 
typically 0.5 m2. Since the introduction of microfluidics [16], CE and LC have been 
widely adopted in a microfluidic platform for analytical application.  The technologies 
for miniaturizing the analytical systems have become known as micro total analysis 
systems (µTAS) or the ‘lab-on-a-chip’ (LOC). Since 1990, LOC has found 
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applications as diverse as environmental analysis [21], genomics, proteomics [22], 
high throughput screening, single cell investigation and is still a fast growing field 
[23, 24]. 
 
Capillary electrophoresis has gained popularity among microfluidic devices as this 
separation technique is easy to control and implement just by applying high electric 
field strength across the separation channel [25]. Early CE microfluidic chip such as 
reported by Harrison et al. in 1992 has demonstrated the usage of electroosmotic 
pumping to control the movement of the fluid in a planar glass device without using 
valves [26]. Subsequently, in 1993 Effenhauser et al. reported CE for the separation 
of a mixture of six fluorescein isothiocynate (FITC) labelled amino-acids by using 
short separation capillaries and high field strengths in a combination with a small 
sample plug [27]. A different geometry of CE channels was been reported in two 
papers by Jacobson et al. in the 1994, where the total length of the channel was 165 
mm, arranged as a serpentine channel to separate rhodamine B and sulphorhodamine 
using an electric field strength of 170 V/cm [28]. The same device was also used with 
higher electric field strength applied, 1.5 kV/cm and with a different length to achieve 
better separation resolution. Rhodamine B and fluorescein were separated within 150 
ms with 0.9 m at the high electric field strength [29].  
 
 CE has been widely adopted in microfluidic devices because of the modest 
strictures placed on the mechanical and fluidic design since there is no requirement to 
withstand high pressure. Simple control of the separation process is also possible 
simply requiring control of the electric field. Many papers and articles have reported 
on CE based microfluidic devices which were not only used for the standard 
chemicals separations such as fluorescence dyes [30, 31] but also widely used for  
protein separation [32-34], amino acid bioanalysis [35], DNA analysis microchip [36-
38] and also can just work as micropump [39]. Several detection methods have been 
used with these CE micro devices including UV detection [40, 41], fluorescence 
detection [42-44], mass spectrometry, electrochemiluminescence detection and 
electrochemical detection [45-47]. 
 
Liquid chromatography in the early days of LOC was not as popular as 
electrokinetically driven separation. The high pressure of the process, materials 
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availability and fabrication issues have caused LC to be less favoured in the 
microfluidic format, even though the first silicon based LOC was actually made for 
pressure-driven LC [48]. However, better materials [49], bonding, fabrication 
techniques and alternative design of channel [50] have emerged to counter not all but 
many of these physical issues. More recently, pressure-driven fluid transport has been 
more widely used in LOC, for injection [51] [52], mixing and valve control 
applications [39, 53]. As new technologies and materials for microfabrication and 
column development are introduced [54], shrinking the conventional HPLC system 
within a chip is now feasible.  
 
 Microfluidic platforms utilizing LC have been reported [25]. One of the early 
chromatography devices using a monolithic column and electroosmotic pump was 
presented in 1998 [55]. Peptide on-chip separations were reported by [56], using a 
micro LC C18 column and Jindal et. al used electrochromatography to separate three 
tryptophan-containing peptides under isocratic elution [57]. Another LC chip was 
fabricated to demonstrate the separation of a mixture of fluorescein isothiocyanate-
lable angiotension I and II peptides in a shear-driven C18 column [58].  
 
 The evolution of both separation techniques by coupling with the 
miniaturization platform promises the general advantages of LOC techniques [16, 59-
63] such as  
 
• Reduced instrument size 
• Reduced analyte and chemical consumption 
• Safe handling of hazardous materials due to reduced volume 
• Higher throughput with short separation time 
• Cheap mass production of micro analytical instruments 
 
 
1.3       Whole column detection for separation techniques 
 
Detection techniques used in conjunction with CE and HPLC such as UV 
absorbance, fluorescence [42], conductivity, amperometry [64] and mass spectrometry 
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[65] are normally used. Conventionally, single point end-column detection is used to 
identify separated components in the form of peaks at known retention times. 
However, single point detection is not an ideal detection method as a single separation 
often takes more than 15 min and whilst the separation can be optimised for any 
single analyte, the lack of flexibility inevitably leads to poorer quality analysis for 
other targets. Besides that, there is no tracking information on the injection sample 
within the separation column since no data can be acquired as soon as the samples are 
injected as the separation column. The column thus acts as a black box and the 
post/end-column detector can only wait for changes at the mobile phase effluent as the 
analytes elute.  
 
By having whole column detection (WCD) inlaid in one face of the separation 
column, samples could be measured continuously and analysis could be completed 
once ‘fit-for-purpose’ results are obtained for each component without having to wait 
for elution. Moreover, the injected samples can be monitored through out the whole 
separation process [10, 66].  
 
Many successful whole column detection has been reported. Crabtree et al in 
1999 also introduced multiple point (Shah function) detection using windows mask 
aligned along the separation channel and a photomultiplier tube (PMT)[67]. Some 
disadvantages of optical detection are the sensitivity for UV, optical and spectroscopy 
detections scale with the path length (Beer-Lambert law) and also building the system 
for whole column detection using photometric devices is expensive. Furthermore, 
there are limitations of the separation column design as columns have to be 
compatible with the design of the detectors.  
 
Electrochemical detection appears by the attractive alternative since sensitivity 
is determined by induced flux rather than absolute number of molecules and therefore 
the penalty associated with miniaturization is less severe. Single point end-column 
electrochemical devices have been described [15] and electrochemical detection can 
under favourable conditions have limits of detection as low as.  Furthermore, the ease 
of integration of multiple electrodes within a small detection active area makes 
electrochemical detection a preferable technique. Besides that, electrochemical 
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detections are inexpensive as compared to most optical detectors so that multiplication 
of electrode installations is more practical in this case.  
 
Electrochemical detection therefore appears promising for whole column 
detection in separation techniques which can under favourable conditions have limits 
of detection as low as 10-15 mol dm-3  [68-70]. Besides that, electrodes can be easily 
integrated within small device and is inexpensive.  However, due to the high electric 
field is used in CE, electrochemical detection in CE is often used as post-column 
detection. Whilst there have been reports of electrodes in the CE separation channel 
[47, 71, 72], whole column electrochemical detection appears to be difficult as the 
high background noise and poor potential control created by the electric field will 
mask the detector signal. HPLC, clearly does not have that problem.  Since HPLC 
column can be fabricated on polymer microfluidic devices, integration of electrodes 
within an LC column is viable. However, problems remains: the feasibility of the 
electrode operation under a packed column and also behaviour of the electrode in an 
LC column both need to be established experimetally.    
 
 
1.4      Principle of electrochemical detection 
   
 Figure 1.3 illustrates a general electrode reaction when an electroactive 
substrate O(∞) from the bulk solution approaches the electrode surface under Fick’s 
law of diffusion and undergoes electron transfer at the electrode surface.  
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Figure 1.3 Pathway of a general electrode reaction. 
 
Following the mass transport (by only diffusion or convection and diffusion), 
electrons are transferred at the electrode surface with the overall electrode reaction 
described as O + ne- ↔ R. The electron transfer reaction causes the conversion of the 
oxidised species in the solution to a reduced form, R. This electrode reaction rate is 
controlled by the electron transfer rate on the surface and the mass transfer rate. 
Similar arguments apply for the reverse process of oxidation. 
 
 Mass transfer is the movement of a volume of ions of an element within a 
solution that evolves from either electrical or chemical potential. The mass transfer by 
the diffusion is described by Fick’s first law, where the diffusive flux, J can be related 
to current in the external circuit, i 
nF
j
nFA
iJ ==
 (1. 1) 
 
j  is the current density (A cm-2); 
n is the number of electrons transferred; 
F is Faraday’s constant (96485.3 C mol-1); 
J is the diffusive flux of the substance through a small area (mol cm-2 s-1); 
A is the area of the electrode (cm-2). 
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Following Fick’s law of diffusion, the Nernst-Planck equation extends Fick’s first law 
to further describe the flux of ions under the influence of the electric potential (V) 
expressed as 
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JO(x) is the flux of species O (mol cm-2 s-1) at distance x from the surface; 
DO  is the diffusion coefficient (cm2 s-1); 
is concentration gradient at distance x; 
∂CO(x)/ ∂x is the concentration gradient at distance x; 
∂φO(x)/ ∂x is the potential gradient; 
ZO  is the charge (dimensionless) of species O; 
CO  is the concentration (mol cm-3) of species O; 
v is the velocity (cm s-1) with which a volume element in solution moves along the 
axis; 
R is gas constant (8.3144 J K-1 mol-1); 
and T  is the absolute temperature (K). 
 
The three terms from this equation represents three modes of mass transfer which are 
diffusion, migration and convection respectively. 
  
 Most electrochemical methods of analysis suppress ion migration of the 
species of interest by having a high concentration of inert electrolyte such as 
potassium chloride. In addition, the interpretation of the experiment is usually 
simplified by either having controlled convection for which exact solution exist (e.g. 
the rotating disc electrode, cuvette flow or wall jet) or by using an electrode so small 
that any natural convection boundary layer is large compared with the Nernst layer, so 
called microelectrodes or ultramicroelectrodes.  
  
 A simple system for electrochemical detection consists of a reference 
electrode, a working electrode and a counter electrode. However, multi-point 
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electrochemical detection is feasible by adding additional working electrodes 
connected to current followers. 
 
1.4.1 Electrochemical techniques 
 
 There are several electrochemical techniques used for electrochemical 
detection and the most generally used ones are cyclic voltammetry and amperometry.  
  
 Cyclic voltammetry is a technique frequently used for initial electrochemical 
investigation of new systems. In a cyclic voltammetry experiment, the potential of the 
working electrode is ramped linearly versus Current is recorded and the resulting 
voltammogram is plotted as current measured between the working electrode and the 
counter electrode versus the potential applied between the reference electrode and the 
working electrode.  
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Figure 1.4: Linear potential sweep of a cyclic voltammetry applied on working electrode. 
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Figure 1.5: Cyclic voltammogram with current response for (a) macroelectrode (b) 
microelectrode. 
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In an ideal system for a reversible wave, peak potential Ep is independent of scan rate 
and peak current ip is proportional to square root of linear potential scan rate, if the 
electroactive species is freely diffusing in solution. For reversible couples, the ratio of 
the oxidation and reduction peak currents is near unity (|ipa/ipc| = 1) and the difference 
in peak potential, |Epa - Epc| = 56.5/ n mV at 25 ˚C (where n is the number of electron 
transfer). The voltammogram thus provides information about the electrode redox 
potential of the studied analyte, the number of electrons transferred, the number of 
redox active materials, the diffusion coefficient of a reactant and also kinetic 
information. 
  
 Figure 1.5 shows the influences of the geometric dimension of a voltammetric 
working electrode (macro and microelectrode) at a given scan rate. Significant mass 
transport to the electrode edge of the microelectrode leads to greatly enhance flux and 
a characteristic sigmoidal voltammogram, rather than the ‘duck-shaped’ current curve 
observed for the macroelectrode. Additional features of the microelectrode include 
reduced influence or immunity to ohmic drop (iR), fast establishment of steady-state 
signal, absence of non-faradaic contributions and increase the signal-to-noise ratio 
[73]. Microelectrodes under forced convection have further enhanced the rate of mass 
transport which may be advantageous for studying fast chemical response and 
shrinkage of voltammetric timescale. Hydrodynamic voltammetry defines the 
voltammetric measurement under a convection conditions and is experimentally 
realized by using a wall-tube microelectrode [74], microjet electrode [75] [76] and 
microchannel band electrode [72, 77].  
  
 Amperometry describes a technique where a fixed potential is applied, usually 
in the diffusion limited regime and where the current generated is recorded versus 
time. The applied fixed-potential is normally decided according to the analytes which 
are desired to be oxidised or reduced. Current is recorded when electrochemical 
reaction takes place as the analyte reaches the surface of the electrode. This technique 
offers the best temporal resolution of electrochemical techniques and is a popular 
technique to detect rapid changes of chemical concentration within solution.  
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1.4.2       Electrochemical detection in liquid flow analysis system 
 
 In flow analytical techniques such as flow-injection analysis (FIA), segmented 
flow analysis, continuous monitoring, liquid chromatography (LC) and capillary 
electrophoresis (CE), electrochemical detection is accomplished under 
hydrodynamically controlled flow. A flow-through electrochemical detection cell 
monitors the changes of the concentration of the analyte with respect to time.   
  
 Electrochemical detection under flow through conditions is characterised by 
the parameters of the electrochemical cell and the electrode such as length, diameter 
and shape. Most of the amperometric and potentiometric detectors are surface 
electrodes. The microband electrode is one of the most popular surface electrodes 
used in flow channel [78-80]. Microband electrodes normally have very much longer 
length than width. These microband electrodes have good hydrodynamic properties. 
Compton et. al. have well-defined theoretically described hydrodynamic voltammetry 
at channel microband electrodes [81] [82] and Amatore et. al. have discussed in detail 
the transport at channel microband electrodes under laminar in steady state regimes 
[83, 84].   
  
 The microband electrode is a two-dimensional system and the steady state 
limiting current-time relationship can be expressed as 
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 (1. 3) 
 
Where F the Faraday’s constant, A is the surface area of the electrode (cm2), DO  is the 
diffusion coefficient (cm2 s-1), CO  is the concentration (mol cm-3) of species O, w is 
the width of the electrode and t is the time integrated under steady state current.  
  
 However, channel microband electrode does not provide a true steady state 
current at long times. The limiting current is dependent of the steady state mass 
transport under a convective condition which is the solution velocity. By using the 
linear form of the velocity parabola, the Levich equation is inferred for a simple 
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chemical and kinetic electron transfer process, and the limiting current of the system 
is given by: 
3/23/123/13/2
lim )(925.0 efObulklev wxdhVDnFci −− =  (1. 4) 
 
Where n is the number of electron transfer, cbulk is the concentration of the bulk 
solution (mol cm-3), Vf is the volume flow rate (cm3 s-1), h and d is the height and 
width (cm) of the microchannel respectively, xe is the length of the band electrode 
(cm). 
 
 
1.5       Detection samples 
 
 Electrochemically active compounds with well-defined propoerties were 
chosen to characterise the system described in this thesis. For the separation 
experiments, some neurotransmitters and their metabolites were chosen as they are 
genuine biological interest: adrenaline (epinephrine, AD), 3-hydroxytyramine 
(dopamine, DA), 5-hydroxyindole-3-acetic acid (5-HIAA), 3,4-dihydroxyphenylacetic 
acid (DOPAC) and 5-hydroxytryptamine (serotonin, 5-HT). The chemical structures 
of these are shown in Figure 1.6. 
 (a) (b) 
 
 
(c) (d) 
 
 
(e)  
 
Figure 1.6: Chemical structure for detection 
samples. (a)adrenaline, AD; (b) 5-HIAA; (c) 
dopamine, DA; (d) DOPAC; and (e) serotonin, 
5-HT. 
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These neurotransmitters are chemical compounds that can be separated by using 
reverse phase LC with stationary phase C18. The separation of these 
neurotransmitters has been studied [85, 86] and therefore the ability to further explore 
and understand the separation process of these chemicals within an LC column using 
whole column detection is if intrinsic interest.  
  
 Neurotransmitters are normally found in the central nervous system. 
Neurotransmitters and play important roles in biological system as neuromodulators 
in the nervous system and as hormones in the blood circulation. Neurotransmitters are 
also found in the digestion systems [85].  
  
 There have been intense efforts to determine neurotransmitters in biological 
system [87-89] in order to have better understanding of the functions and roles of 
these neurotransmitters in biological samples. As biological samples vary from each 
other, normally the duration for the separation process is difficult to predict. 
Therefore, being able to develop a device that can separate, track and measure the 
separating elements simultaneously after injection is potentially useful, since it will 
speed up the analysis. 
 
 
1.6      Separation efficiency 
 
 The separation efficiency of the column can be evaluated by analyzing the 
detector output response. As the analytes separated through the stationary phase and 
eluted from the end of the column travel to the detector point, the detected signals 
appear as peaks in term of detector response versus time. Figure 1.7 shows an 
example of a chromatogram with peaks that are labeled measurement quantities.   
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Figure 1.7: Chromatogram for retention and peak dispersion measurements (after [1]). 
 
The peaks are identified by retention time indicating the affinity of the separated 
analytes with the stationary phase where tR is the retention time of the component and 
t0 is the time taken for an unretained solute to travel through the column at the same 
speed as the mobile phase. As the retention of peaks varies with length of column, 
composition of mobile phase and the flow rate, the retention time of the peaks are 
represented using the capacity factor (k’), given by  
 
0
0
'
t
ttk R −=
 (1. 5) 
 
k’ values are normally kept in between 1 to 10, if the k’ values are too low, most 
probably the analytes may not be adequately separated, and if k’ values are too high; 
the analysis time for the separation process may be too long and may lead to 
dispersion. The relative retention or selectivity (α) shows the separation of two 
adjacent components relative to each other. The greater the separation between the 
two components, the greater the relative retention. Equation (1.6) expressed α as the 
ratio of the capacity factors,  
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By convention, the resolution (Rs) is the parameter describing the degree of separation 
of one component as relative to another. Resolution of the separation is expressed in 
Equation below as the ratio of the difference in retention of two peaks to the mean 
value of the peak width at the base line. When Rs of two peaks is equal or greater than 
1.5, this indicates that the two components show  baseline separation. 
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These parameter, α and Rs  are independent of the column efficiency as it only 
depends on the nature of the surface chemistry of the component and the eluent type 
and composition. Therefore, to visualize the efficiency of the column in 
chromatographic system, plate number (N) and plate height (H) are introduced. The 
higher the N (or the smaller the H) of the column the less band broadening will occur 
of the chromatographic column and the higher the efficiency of the column. The plate 
number and plate height of the column are defined as: 
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(1.10) 
where σ is the standard deviation of the peak; L is the length of the column; x is the 
distance traveled by the band and Nx is the difference of the number plates between 
the x travel distance. Equation (1.10) allows us to identify the local plate number and 
plate height of a segment within the column.  
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Commercial reverse phase LC columns using bonded silica have about 50000 plates 
per metre [1] and commercial capillary electrochromatography (CEC) capillary 
columns can achieve up to 60000 plates per metre [90]. However, the plate numbers 
and peak shapes can differ from column to column even for columns that are from the 
same manufacturer [91].   
 
 Equation (1.9) shows that the efficiency of the separation column can be 
increased by simply increasing the length of the column used. However, increasing 
the length of the column is not always practical. Moreover, the column efficiency can 
be tuned by adjusting the temperature of the column and the flow rate. Generally, the 
efficiency of the LC column increases as the particle size of the stationary phase 
decreases. As the temperature or the flow rate varies, the retention time and the width 
of the peaks will be affected. A wider width will produce lower N and when L of the 
column increases the retention time of the resolved peak increases thus N will be 
increased. 
 
1.6.1 LC column and eddy diffusion effect 
  
Column packing is normally done by using a considerable pressure to push a 
slurry of the packing material into the column. Poor packing of stationary phase will 
directly influence the efficiency of the separation where this can be observed by the N 
and H values and Eddy diffusion is one of the common column dispersion 
mechanisms in LC. The dispersion produced is due to the existence of different flow 
paths caused by imperfect packing in the column bed by which solutes can progress 
through column and is illustrated in Figure 1.8. 
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Figure 1.8: Eddy diffusion. 
 
For optimization of the column performance, a minimum plate height of a column is 
required. Plate height (H) is proportional to the variance of a chromatographic band 
and the dispersion of a band of a solute as it travels through the column and depends 
on three mechanisms. The van Deemter equation is used to represent the on-column 
effects (excluding the injector and detector) that contribute to plate height.  
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(1.11) 
 
Where ux is the linear flow rate, A is flow dispersion term which related to eddy 
diffusion but is independent of ux, B is a longitudinal diffusion term, and C is a mass 
transfer term; these three terms: A, B and C are constants with the unit mm, 
mm.mL/min and mm.min/mL respectively. Figure 1.9 shows the three broadening 
mechanisms that are proportional; inversely proportional and independent of flow rate 
to produce the best plate height from these three parameters.  
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Figure 1.9: Van Deemter plot and the three band spreading mechanisms. 
 
In packed LC columns, all three dispersion terms will affect the band 
dispersion. The smallest plate height can be obtained at flow rate uxb which from there 
constant A, B and C can be calculated.  
 
 
1.7 Aims of the thesis  
 
The goals of the research described in this thesis are to develop a methodology 
and make a working device to study the mobility and affinity of the samples within a 
separation column as a whole system. To realize this, it is proposed to integrate 
multiple electrochemical sensors within a chromatography column. Integrating 
electrodes within a packed column is not a straight forward solution as solute access 
to the electrodes may be blocked by the stationary phase packed within the column. 
However, success in realizing the idea will bring numerous benefits and optimization 
of liquid chromatography research. The specific goals are: 
 
First is to demonstrate numerically the feasibility of the idea of having in-
column electrochemical detection within a chromatography column. Numerical 
modelling was built using Comsol Multiphysics® to investigate the changes of 
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electrode surface properties due to the presence of spherical particles on top of the 
electrode. The numerical models also highlight the behaviour of the electrodes under 
quiescent and flow condition.  
 
Secondly, is to show the process of the development and fabrication of the 
multi in-column electrochemical detectors within an effective separation 
chromatography column.  
 
Thirdly, is to characterize the fabricated in-column electrochemical detectors 
for liquid chromatography; the column packing efficiency and the feasibility of the 
device and also the reproducibility of the experiment results.  
 
Finally, is to study the difference between the in-column electrochemical 
detections and the conventional end/post-column detection. This study also shows the 
benefits of using whole column detection in chromatography. 
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Chapter 2  
Device models and development  
 
 
2.1       Introduction 
 
This chapter explains the development of numerical models for both open 
(unpacked) and packed channels using Comsol Multiphysics®. The numerical model 
was built to understand the effects of flow and column packing on electrode behaviour 
and subsequently, for device design and optimizing operating conditions. 
 
Flow channel with band microelectrode models have been reported by Bidwell 
et al. [82, 83, 92]. More recently Amatore has reported the characterization of 
transport within the channel with double microband electrodes [84]. Amatore has 
usefully identified two limiting cases: coupling and crosstalk regime. Coupling refers 
to the situation where the concentration profile at the downstream electrode is affected 
by the electrode reaction upstream. The crosstalk regime is more complex and occurs 
when diffusive flux and convective flux are of similar magnitude. In this case, even 
the upstream electrode is affected by diffusive flux from the downstream electrode.  
On the other hand, Davies et al. has shown and predicted the electrochemical 
behaviour of a partially blocked electrode [93]. These models were built for electrodes 
to work in stagnant solution and with different shapes of particles.  
 
This chapter describes the device development and investigation of the 
behaviour of “blocked” electrodes under the spherical packing materials. In addition, 
electrochemistry of this electrode array within an unpacked and packed column is 
compared. The electrodes are inlaid within a wall of the column and spherical 
particles were randomly packed within the column, causing the surface of the 
electrodes to be partially blocked by the packing materials (spherical silica beads). In 
order to learn about the feasibility of having electrochemical sensors within a packed 
chromatography column, simulations using numerical models were run and 
experiments were conducted using a real world prototype of the device.  
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2.2       Electrochemical sensor and flow channel modelling 
 
Basic electrochemical behaviour in a flow channel was modelled using 
COMSOL Multiphysics® utilizing two modes under the Chemical Engineering 
Module, (i) convection and diffusion and (ii) incompressible Navier-Stokes flow. The 
fabricated electrode array was designed to be 250 µm in width and 1.6 mm apart. For 
the experiments, the concept of pairing electrodes was used in the electrochemical 
detection where the working electrode was always paired up an adjoining counter 
electrode. Therefore this yields a 3.2 mm gap between each working electrode.   
 
2.2.1 Principle of the double electrode numerical model 
 
The model focuses on a small area of the whole final device where only two 
parallel working electrodes are studied in a flowing stream. The schematic of the 
numerical model is shown in Figure 2.1 
 
 
Figure 2.1: 2D cross section of a double microband electrode within channel. 
 
where h, w and G are height, width of the electrodes and the gap between electrodes 
respectively. The width, w for both electrodes is 250 µm and the gap, G is set to 3.2 
mm. The flow inlet is on the left of the model where electrode E1 is upstream and E2 
is downstream. The velocity in the channel was set to 1 mm s-1 which is 
approximately equivalent to the volume flow rate (80 µl min-1) applied in a 3D 
microchannel (cross section surface = 1 mm2) to yield a Peclet number (with respect 
to G) greater than 2000, assuming pure convection within the microchannel.  
D
GuPe av=
 (2.1) 
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uav is the average flow velocity which is 67% from the maximum flow velocity, umax 
applied to the microchannel.  D was set to 1 × 10-9 m2 s-1, broadly typical of small 
molecules in aqueous 1 mol dm-3 KCl at room temperature, 25 ˚C [94]. 
 
 
 
(a) (b) 
Figure 2.2: Meshing profile for (a) double microband electrodes (b) magnified version of the 
upstream electrode. 
 
This simulation shows the generation mode of these double electrodes in a flowing 
stream. It is assumed that only one electron transfer reaction occurs on each electrode. 
The flux density, J across these electrodes is represented by the Butler-Volmer 
formulation  
 
]),0(),0([ )()1()(0 '0'0 EEfαREEfαO etCetCFkJ −−−− −=  (2.2) 
 
where k0 is the standard rate constant (0.001 m s-1), α is the transfer coefficient, f  = 
F/(RT) (V-1), E and E0’ are respectively the current and previous potential of an 
electrode versus a reference, and CO  and CR are the concentration of the oxidised and 
reduced species respectively. However, in this model we are only concerned with the 
oxidation of the species and no collection is considered in this model. For other 
parameters used the reader is referred to [95] and the modelling parameters are shown 
in the Appendix A. 
 
In this study, two regimes are used to explain the condition of the solution 
within the channel, the coupling regime and the cross-talk regime. In the coupling 
regime, the first (upstream) electrode is operating as a single electrode but the 
following electrode can respond as a single electrode or may be affected by the 
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previous electrode. The cross-talk regime happens when diffusion is more important 
for mass transport than convection and therefore can operate in the direction against 
the flow. In the cross talk regime, both electrodes influence the adjacent electrodes.  
 
When the flow rate is sufficient to give Pe > 2000 (with G = 3.2 mm between 
electrodes) the electrodes are in the coupling regime. Figure 2.3 show the simulation 
results of these double electrodes at Pe > 2000. 
 
(a) 
(b) (c) 
Figure 2.3: 2D model showing (a) concentration colour plot of a standard redox couple at 
electrochemical band electrodes with gap 3.2 mm in a flow channel. Closed up view for 
convective and diffusive flux distribution for (b) upstream electrode, (c) downstream electrode 
[White streamlines indicate the convective and diffusive flux distribution.] 
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At this flow velocity, the concentration profiles showed that the electrodes are not in 
the cross-talk regime but the coupling regime. The total flux generated at both 
electrodes is therefore following the direction of the flow. The electrodes in a 
coupling regime can be described as the electrodes that are influenced by the previous 
electrodes. Cross-talk can be eliminated provided the Peclet number, Pe is greater 
than 20 at the same gap. Figure 2.4 shows the graphs summarizing the effects of the 
flow velocity on the concentration profile of a standard redox couple for double 
electrodes with gap 3.2 mm. 
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Figure 2.4: Concentration profile of the 2D flow model along x-axis at h (height) = 0 at different 
flow rates. 
 
In a double electrode flow channel, the first electrode from the inlet is usually 
independent but the performance of subsequent electrode depends on the previous 
electrode. For instance, the slowest flow velocity, 0.01 mm s-1 yields a Peclet number, 
Pe = 21; at this flow the homogeneous concentration between E1 and E2 is 0.75       
mol m-3. Homogeneous concentration in this study will be defined as the situation 
where the gradient of concentration is less than 0.05 mol m-3 per mm. 
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With a slower flow velocity, the absolute homogeneous concentration after each 
electrode is decreased: a comparison of the highest flow velocity 10 mm s-1 yields a 
Peclet number greater than 21000 and the second electrode experiences a drop of 10% 
(Ca) of full concentration after E1 and less than 5% (Ca’) of homogeneous 
concentration after E2. However, in a much lower flow velocity (Pe = 21), 
homogeneous concentration beyond E1 has dropped 25% (Cb) and beyond E2 the 
concentration drop 22% (Cb’) from the prevailing homogeneous concentration. The 
effect of electrode spacing is shown in Figure 2.5. 
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Figure 2.5: Gap between electrodes (E1 and E2) at fixed flow velocity, 1 mm s-1. 
 
The gap between electrodes also plays an important role. At flow velocity 1 mm s-1 
the gap between E1 and E2 was increased to show the trend of concentration 
homogeneity as a function of electrode spacing. These electrodes are in the coupling 
regime, where upstream diffusion has not taken over from the downstream convection 
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even at a gap of 0.4 mm. At this flow velocity, the homogeneous concentration is 
achieved at E2 with the gap 2.0 mm and this shows that a sufficient gap between 
electrodes is important to provide space for concentration homogeneity before 
reaching the next detection point.  
 
The following colour plot, Figure 2.6 shows the concentration profile 
representing the yellow line graph (gap = 0.4 mm) shown in Figure 2.5. The contour 
lines represent the concentration gradients from the electrode’s surface to the bulk 
solution. The purpose of Figure 2.6, Figure 2.7 and Figure 2.8 is to show a 
comparison of the effect of flow velocity when a narrow gap width exists. As the 
electrodes are very near to each other, cross-talk is an important issue.  
 
Figure 2.6: Colour plot for concentration profile for double electrodes with 0.4 mm gap under 
constant flow velocity 1 mm s-1. [Contour plot indicates concentration distribution.] 
 
At this flow velocity, E1 is slightly affected by E2; therefore a higher flow velocity 
for narrow gap electrodes might be a solution to prevent cross-talk. Figure 2.7 shows 
the colour plot for the concentration profile with higher flow velocity, 10 mm s-1. 
However, the performance of E2 is greatly affected due to the small gap between the 
electrodes (0.4 mm). There is very limited space to prevent cross-talk and reduced of 
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coupling effects when the electrodes are too near to each other. The effect of a slower 
flow velocity, 0.1 mm s-1 is shown in Figure 2.8. The result shows a transition from 
the coupling regime to cross-talk regime where the concentration after E2 will need 
longer time to reach homogeneity.  
 
Figure 2.7: Colour plot for concentration profile for double electrodes with 0.4 mm gap under 
constant flow velocity 10 mm s-1. [Contour plot indicates concentration distribution.] 
 
 
Figure 2.8: Colour plot for concentration profile for double electrodes with 0.4 mm gap under 
constant flow velocity 0.1 mm s-1, Pe =  40. [Contour plot indicates concentration distribution.] 
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Therefore, at a typical flow velocity, 1 mm s-1, the minimum spacing is suggested to 
be at least 2.0 mm (Figure 2.5). However, even for flow rates higher than 10 mm s-1, 
the minimum spacing to reduce cross-talk between electrodes would be at least 2 
times larger than the width of the electrode.  
 
In a cross-talk regime, diffusion operates against the direction of the flow 
where the extended diffusion and convection layers are developed laterally and 
vertically at the upstream edge of the electrodes. Figure 2.9 shows the cross-talk 
regime when flow velocity is lower than 0.01 mm s-1 and diffusion has prevailed 
sufficiently over convection to proceed backward against the flow. 
 
 
 
Figure 2.9: Colour plot for concentration profile for double electrodes with 0.4 mm gap under 
constant flow velocity 0.01 mm s-1, Pe <  5. [Contour plot indicates concentration distribution.] 
 
If sufficient flow velocity is applied to double or multi microband electrodes, 
cross-talk effects can be reduced provided there is adequate gap between electrodes. A 
multiple electrodes case represented by a four electrodes’ system shows a similar 
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trend for the concentration profile. The colour plot in Figure 2.10 shows the 
distribution of concentration across the channel at flow velocity 1 mm s-1.  
 
 
Figure 2.10: Concentration profile of multi electrodes with G = 3.2 mm at flow velocity 1 mm s-1, 
Pe > 400. [Contour plot indicates concentration distribution.] 
 
Each electrode is within the coupling regime at this flow velocity. A summary of the 
effects of different flow velocities to the same model is shown in Figure 2.11. The 
concentration difference after each electrode was significant when Pe is lower than 5.  
Therefore with multiple electrodes, a sufficient flow rate is even more crucial in 
ensuring all electrodes along the channel are working under coupling regime to 
prevent drop of the detection efficiency caused by the decrease of the prevailing 
concentration. This is qualitatively similar to the two electrode case; all electrodes bar 
the first electrode are affected by all upstream electrodes.  
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Figure 2.11: Concentration profile for multi electrodes along x-axis at h (height) = 0 at different 
flow rates. 
 
Flow rates applied to give Pe > 2100 show about 8 % drop of the prevailing 
concentration after the 1st electrode, followed by a 5 % drop after the 2nd electrode as 
compared to the prevailing concentration, then about 3.4 % drop after the 3rd 
electrodes and 0.6 % drop after the 4th electrode. A total drop of about 16 % of 
concentration as compared to the fresh analyte at the upstream can be observed after 
the 4th electrode. For high flow rates, (Pe > 2100) the relative changes in 
concentration is negligible after the 4th electrode. However, for low flow rate (Pe ≤ 
21) the concentration changes remain significant due principally to the large fall in 
concentration after the first electrode.  
 
2.2.2 3D modelling of an unpacked and packed channel with electrodes 
 
In this section, 3D modelling for the flow and total flux profile within a packed and 
unpacked region are described. To simplify the simulation, a small region of electrode 
was studied to understand the flow condition and the flux profile near the electrode 
surface with and without packing material.  Figure 2.12 shows the simulated 3D 
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model. The geometry is a 10 µm × 10 µm × 5 µm (length × width × height) 
rectangular block with the bottom surface representing the electrode and the block 
representing the flowing solution. 
 
Figure 2.12: Schematic diagram for 3D model with the bottom surface as the electrode.  
 
Applying equation (2.2) on the electrode surface boundary, flux density and profile 
across the surface are studied. The same parameters and constants are used for this 3D 
model as for the 2D model (Section 2.2.1). Figure 2.13 shows the total flux 
distribution within an unpacked region and comparison between a quiescent and a 
flow condition.  
 
(a) (b) 
Figure 2.13: Modelling showing trends for convective and diffusive flux distribution and 
concentration of an empty channel with the bottom of the block set as electrode within: (a) 
quiescent and (b) flow condition with flow velocity at 1 mm s-1 at the inlet. [Streamlines indicate 
the convective and diffusive flux within the model.] 
 
The initial concentration of the solution is set to 1 mol m-3 and the flux at the 
electrode surface in the solution is set using the Butler-Volmer equation (2.2). The 
colour plot shows the concentration near the surface of electrode is lower due to the 
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redox reaction. The concentration gradient of the model under quiescent condition is 
higher. Figure 2.13(a) shows the purely diffusive case where flux within the block is 
observed entirely through the electrode surface at the bottom. Figure 2.13(b), a flow 
velocity, 1 mm s-1 is applied at the inlet boundary and the total flux distribution 
consists of both convection and diffusion. In Figure 2.13(b), convection has speeded 
up the concentration equilibrium within the solution and also increased the mass 
transport on the surface of the electrode. However, the packing of spherical silica 
beads within a channel would create a totally different flow and flux distribution.  
 
In the following model, a simple arrangement of four spheres (Ø = 5 µm) 
within the specified region is used to represent the packed channel and is used to show 
the flux and concentration distribution under two conditions. This is to demonstrate 
the possibility of the electrodes operating within a packed channel where the surface 
of the electrode is blocked by the spheres. However, there are only point contacts 
between the spheres and the electrode surface and thus there is sufficient active 
electrode surface to allow electrochemical reactions to take place. 
  
 
 
(a) (b) 
Figure 2.14:  Modelling (meter for all axis) showing trends for convection and diffusive flux 
distribution and concentration gradient of packed with the bottom of the block set as electrode 
within: (a) quiescent and (b) flow condition with flow velocity at 1 mm s-1 at the inlet. 
[Streamlines indicate the convective and diffusive flux within the model.] 
 
Figure 2.14 (a) shows that within a quiescent solution, the redox active tracer 
diffuses through different routes to the electrode surface. Since the regime in Figure 
2.14(a) would never reach a steady state; the result in Figure 2.14(a) is shown after the 
same elapsed time as Figure 2.14(b). As for model with spheres under flow condition, 
the total flux consists of convective and diffusive flux and the mass transport nearer to 
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the electrode surface is by diffusion only. Figure 2.13(b) and Figure 2.14(b) show 
difference of the routes of the diffusive flux of model with and without spheres. It 
shows that the electrode is still active even with spherical particles on top.  
 
Figure 2.15 shows the normal diffusive flux mapped at the electrode surface 
boundary for the models showed in Figure 2.13 and Figure 2.14 to depict the reaction 
trends under quiescent and flow conditions, with and without spherical particles.  
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 (c) (d) 
Figure 2.15: Top view of the unpacked models showing the normal diffusion flux distribution on 
the surface of the electrodes without spherical particles under (a) quiescent (b) flow condition 
with flow velocity at 1 mm s-1 at the inlet. Top view of packed models with spherical particles (Ø 
= 5 µm) under(c) quiescent (d) flow condition with flow velocity at 1 mm s-1 at the inlet. [Note: 
different scale applied for quiescent and flow model. Black dots indicate the flux density caused 
by diffusion]. 
 
The normal diffusing flux at the electrode surface (which is proportional to the 
current) can be obtained by integration at the electrode surface boundary. Various 
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models exist that allows prediction of the effective diffusion coefficient in the 
presence of known volume fraction of impermeable obstacle. Flow through porous 
media can be modelled using Darcy’s law on hydrology regarding the flow of water 
through beds of sand [96]. However, we need to consider both quiescent and flowing 
solutes through a porous media. Several approaches to diffusion through porous 
media are describes in Masaro’s models [97]. The differences of the diffusive flux 
between the unpacked and packed models in the quiescent solution can be interpreted 
by using a nearest assumption to support this phenomenon in Masaro’s review of 
diffusion in polymers using the Mackie and Meares approaches shown as equation 
(2.4)[98]. Given that the flux is proportional to current and peak current is 
proportional to square root of diffusion coefficient (according to Randles-Sevčik 
formulation), these equations can be written as 
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where the Do, Jo and io is the diffusion coefficient, diffusive flux and current in pure 
solvent respectively and the local diffusion coefficient, D and diffusive flux, J and i 
are decreased in the ratio depending on the volume fraction, φ in the column. The 
term (1- φ) represents the volume unoccupied by the particles which was originally 
referred as the free space unoccupied by polymer (Mackie and Meares). From the 
design of simulation model with 4 sphere particles, if the whole block volume is 1 the 
volume fraction, φ is 0.5232. From the simulated results, the normal diffusive flux for 
quiescent models shown in Figure 2.15 (a) and (c) are integrated from the electrode 
surface and yield φ, 0.5228 by applying equation (2.5) which is in good agreement 
with the model’s volume fraction. Therefore that by using this equation within a 
quiescent condition, the volume fraction of a packe
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 In quiescent conditions, the model with particles shows a lower rate of 
diffusive flux to the electrode surface. However, Figure 2.15(b) and (d) show that the 
patterns of diffusive flux at electrode surface for the two flowing models more closely 
resemble one another, despite the presence of the sphere. The limiting current of 
microband electrode within a flow channel, convection within the channel influences 
the mass transport to the electrode surface which can be shown by the Levich 
equation [92] (Section 1.4.2). 
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Decrease of the absolute volume caused by the presence of the spheres and the 
obstructed path of the diffusive flux within the stagnant solution causes a decrease in 
mass transport and therefore a decreased flux at the electrode surface. However, with 
the addition of flow velocity applied at the inlet, the absolute velocity within the 
model is increased by the presence of the spheres and this causes a higher flux or 
current on the electrode surface as the mass transport on the electrode surface has 
been fully controlled by convection. So two opposite influences exist of packing on 
limiting current under stagnant and flow conditions.  
 
Figure 2.16 shows the velocity profile within the models without and with 
sphere particles. The applied flow velocity at the inlet is 1 mm s-1 and other constants 
are the same as previous models.  
 
 
(a) (b) 
Figure 2.16: Velocity profile for (a) empty channel and (b) packed channel with four sphere 
particles. [Note: Different scales for both models are used and red streamlines indicating the 
convection flux.] 
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Figure 2.16 shows that for a given inlet velocity, the velocities in a packed channel are 
higher by one order of magnitude. The maximum velocities within the unpacked and 
packed model are 2.688 mm s-1 and 18.1 mm s-1 respectively. The average velocity 
will increase proportional to the volume fraction, φ. Flow velocity is enhanced due to 
the presence of the spheres and contributes to higher current or flux for the packed 
model.  
 
2.2.3 3D modelling for random packed channel 
 
In reality, the packing materials are likely to be spread randomly within the 
channel and located above the electrode surface. Models with different density of 
particles were built representing the packing materials randomly arranged across the 
channel. The diameters of the sphere particles are fixed to 5 µm and due to random 
packing processes, voids or narrow path are often formed between particles. Three 
different degrees of packing were built in a longer block geometry (25 µm × 10 µm × 
5 µm) to allow more patterns of particles (5 µm in diameter) packing arrangement.  
 
Figure 2.17 shows the three different density packing model and mesh. The 
first arrangement, (a) is a low density packing with the volume fraction of the packing 
materials, 0.35. The arrangements of the particles are random across the rectangular 
model with the bottom surface as the electrode surface.  
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(a1) (a2) 
 
 
(b1) (b2) 
 
 
(c1) (c2) 
 
Figure 2.17: Model and mesh of (a) low density, 35% (b) medium density, 45% and (c) high 
density, 60% of randomly packed sphere particles (5 µm in diameter). 
 
The parameters and boundary settings of these three models are the same 
(Table A.4) where flow velocity, 1 mm s-1 is applied to the inlet of these models. The 
concentration and the total flux distribution can be observed from the colour plot in 
Figure 2.18. 
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(a) 
 
(b) 
 
(c) 
Figure 2.18: Concentration and total flux distribution [grey streamlines] with applied flow 
velocity 1 mm s-1 across model with packing material at (a) low density, 35% (b) medium density, 
45% and (c) high density, 60%. [Streamlines indicate the convective and diffusive flux in the 
model.] 
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The pattern of the diffusive flux varies according to the arrangement of the 
particles in the models. Boundary integration of the electrode surface at the bottom of 
the models shows the normal diffusive flux at the electrode surface. Table 2.1 shows 
the summary of the velocity and diffusive flux for these three models at fixed applied 
flow velocity. 
Table 2.1: Summary of the maximum internal velocity (Vmaz) and normal diffusive flux at fixed 
applied flow velocity 1 mm s-1. 
Column 
Packing density Vmax (mms
-1) Normal diffusive flux (mol s-1) 
35% 8.321  4.899 × 10-14 
45% 9.589  5.201 × 10-14 
60% 14.391 4.539 × 10-14 
 
The internal velocity of the models increased as the packing density increases.  
There is no significant trend of the normal diffusive flux with column packing density 
but it is affected by the arrangement of the particles in the model. Figure 2.19 shows 
the trend of the distribution of the normal diffusive flux through the electrode surface 
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(a) 
 
(b) 
 
(c) 
Figure 2.19 Top view of the normal diffusion flux distribution on the electrode surface of the 
electrodes with packing density (a) low, 35% (b) medium, 45% and (c) high 60% at same flow 
velocity 1 mm s-1 applied at the inlet of the channel. [Grey streamlines indicating the diffusive 
flux and convection flux in the model.] 
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The patterns of the flux distribution at these electrode surfaces are significantly 
different regarding to the arrangement of the particles in the models. Two models of 
each packing density were built (Appendix A - Figure A.3) by slightly rearranging the 
particles and each was simulated at three applied flow velocities. Table 2.2 shows the 
summary of the normal diffusive flux of the models at three packing density and 
applied flow velocity.  
 
Table 2.2: Summary of the normal diffusive flux for three pairs of packed models at 35 %, 45 % 
and 60 % packed density at three different applied flow velocities at the inlet. 
Applied 
flow 
velocity 
(mms-1) 
Normal diffusive flux (× 10-14 mol s-1) at packing density 
(35 %) (45 %) (60 %) 
Model A Model B Model A Model B Model A Model B 
1 4.899 4.954 5.201 4.836 4.186 4.516 
2 7.513 7.628 8.323 6.900 6.675 7.032 
3 9.638 9.637 10.940 8.607 8.719 9.241 
 
The normal diffusive flux for all models increased as the applied flow velocity at the 
inlet increases. However, there is no significant trend showing the relation of the 
diffusive flux and the packing density. At highest packing density (60 %) the normal 
diffusive flux for both Model A and B at 1 mm s-1 applied flow velocity are the lowest 
compared to the less packed models. However, Model B of the 60 % packed model 
shows to achieve the average normal diffusive flux at higher applied flow velocity.  
 
 The numerical models show the feasibility of electrochemical detection in 
packed channels (LC column) using inlaid electrodes. However, the sensitivity and 
ability of the electrode to detect analytes is somehow related to the arrangement of 
these random packing materials in the column. Therefore, an experimental prototype 
was prepared to study the possibility of the electrodes to perform in a random packed 
column. 
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2.3 Proof of principle 
 
This system was tested experimentally before the final design by using rapid 
fabrication protocol. The aim was to test experimentally whether electrodes within a 
partially blocked column managed to pick up current from the electrochemical 
reactions. In addition, the experiments will establish the range of the sensing signals 
and also other practical problems that might occur in the fabrication and experimental 
works. 
 
2.3.1 Lab-built prototype of in-column electrochemical detection device 
 
The device was fabricated outside cleanroom facilities by using 
poly(methylmethacrylate) (PMMA) (Perspex®) sheets as the substrate and gold micro 
wire (Advent Research Materials Ltd.) as the microelectrodes. The main purpose of 
making this device is to establish the possibility of carrying out electrochemical 
detection within a packed column experimentally which has been shown to be feasible 
by numerical models.  
 
2.3.2 Design and fabrication 
 
PMMA sheet (with thickness 2.5 mm) was used for the microdevice 
fabrication and hot embossing was used to imprint the microchannel on PMMA. The 
PMMA sheet was cut into desired chip size with the geometry, 50 × 25 mm. Straight 
tungsten wire (Advent Research Materials Ltd.) with diameter of 500 µm was used as 
the mould for channel imprinting [99]. Two sets of perpendicularly-aligned electrode 
arrays, each consisting of seven gold electrodes (50 µm diameter) were prepared with 
5 mm gap. Holes were drilled at the both ends of one piece of the PMMA sheet to 
serve as the reservoir for the channel which will yield 40 mm channel length. A frit 
with geometry 3.175 mm in diameter with pore size 2 µm (Phenomenex®) was 
inserted in one of the reservoir which is the outlet of the channel.  Figure 2.20 shows 
the cross section illustrating the schematic diagram of the fabrication protocol for the 
wire-imprinting microchannel with electrode array. 
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Figure 2.20: Rapid fabrication protocol for wire-imprinting microchannel on PMMA with 
electrode array. 
 
Uniform pressure was applied on the whole PMMA sheets using a metal 
clamp or vice. The tungsten wire which has the gold wires coiled around it was 
inserted in between two pieces of PMMA sheets and was clamped in the oven at 110 
°C for 1 hour to soften the plastic. The clamp was periodically tightened up to imprint 
the tungsten wire into the PMMA sheets and also brought the two pieces of PMMA 
into contact. The straight wire was slowly removed without damaging the gold wires 
after the two PMMA pieces were firmly bonded. Removing the tungsten wire, 
resulted in an enclosed 500 µm microchannel with 7 gold electrodes embedded within 
the column.  
 
After checking the sealing and the electrodes, good micro devices were double 
sealed by slowly diffusing acetone in between the PMMA sheets to make sure the two 
pieces of PMMA were firmly bonded. Polyetheretherketone (PEEK) connectors 
(Bioanalytical System, Inc.) and pipette tips were glued to the holes using Araldite 
epoxy adhesive (Araldite®) to work as the inlet and outlet reservoirs for the 
microdevice respectively. The electrodes were connected to leads using silver 
conductive epoxy (CircuitWorks). Figure 2.21 shows the microdevice fabricated using 
wire-imprinting method. 
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Figure 2.21 PMMA device with electrode array aligned across microchannel fabricated using 
wire-imprinting method. 
 
The channel was packed with LUNA® 33 µm C18 octadecyl modified silica beads, 
ODS (Phenomenex®). A slurry containing 2 mg of ODS beads prepared in 1 ml 
methanol was pushed through the microchannel slowly using a syringe connected to 
the inlet of the device. The slurry was pushed through the frit at the outlet where 
methanol will be pushed out leaving the ODS slowly packed up within the column. 
Figure 2.22 shows the unpacked and packed microchannel. 
 
 
(a) (b) 
Figure 2.22: Unpacked and packed of PMMA column with an electrode across the channel. 
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Figure 2.22(b) shows that there are ODS beads filling up the voids along the channel 
bonding connection. This is due to the non-flat bonding surface of both PMMA sheets 
after imprinting the tungsten wire between the PMMA sheets.  
 
For storage, the microchannel was first cleaned with deionized water and 
pretreated with H2O: methanol with ratio 25:75 (v/v) for at least 30 minutes by 
gradually ramping up the flow rate from 0.05 to 0.1 ml min-1 and both ends of the 
reservoir were sealed tight. The microchannel has to be cleaned by deionised water 
again before flowing through the mobile phase.  
 
2.3.3 Experimental 
 
Two devices were prepared with one channel packed with 33 µm ODS beads 
and one channel remain unpacked. Amperometric measurement is used for analyte 
detection within unpacked and packed columns to prove the achievability of 
electrochemical detections under a packed column. 
 
2.3.3.1 Chemicals 
 
5-hydroxyindole-3-acetic acid (5-HIAA) and 5-hydroxytryptamine (serotonin, 
5-HT) were obtained from Sigma and used as received. 5 µmol.dm-3 of 5-HIAA and 
5-HT were prepared in mobile phase consisted of water mixed with UV-grade 
methanol (HiPerSolv for HPLC, BDH Prolabo) in a ratio 50:50 (v/v). 
 
2.3.3.2 Experimental setup 
 
Experiments were carried out using an HPLC system consisting of an Agilent 
HP1050 pump, autosampler and column heater. CHI potentiostat 1030 (CHI 
Instruments) was used for potential control and for current measurement during the 
experiments. Current was recorded from the working electrodes according to the 
electrode configuration schematic shown in Figure 2.23.  
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Figure 2.23: Schematic of the orientation of the electrodes for the packed and unpacked device. 
 
In this experiment setup, both packed and unpacked devices were assessed 
using the neurotransmitter serotonin (5-HT) and its metabolite, 5-hydroxyindole 
acetic acid (5-HIAA). For all experiments, a fixed flow rate of 10 µl min-1 was used. 
For measurements, 1 µl of 5 µM 5-HT or 5-HIAA was injected and the response was 
measured at 4 working electrodes (Figure 2.23) held at a potential of + 750 mV with 
respect to gold pseudo reference electrode. This potential was experimentally tested to 
enable oxidation of these neurotransmitters.  
 
2.3.4 Results and discussions 
  
Signals were detected at all four electrodes on both devices. Comparison of the 
response as 5-HIAA was injected to the channel for both devices is shown in Figure 
2.24.  
 74 
 
Figure 2.24: Responses of 5-HIAA of the packed and unpacked devices on the four electrodes. 
 
Along the channel, signals from the unpacked devices were detected by the 
electrodes at almost the same time. However, slight retention of the both analytes can 
be noticed from the C18 silica packed device by comparing the first electrodes (WE1) 
to the last electrodes (WE4). The peak heights vary due to different surface area of the 
electrodes along the channel and are consistent from run to run. The retention time of 
the analytes versus the distance of the electrodes along the channel of both devices 
can be summarized in two graphs shown in Figure 2.25.  
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(a) 
 
(b) 
Figure 2.25: Response of the four electrodes on the packed and unpacked device for (a) 5-HIAA 
and (b) 5-HT. 
 
The results show that the packing does not hinder the ability to conduct in-channel 
detection. Initially measurements were carried out to see the difference between 
unpacked and packed devices. The packed device shows the ability to retain the two 
analytes as the retention time increases where separation is tracked over the four 
working electrodes. There is an increase in the retention of 5-HIAA from WE1 to 
WE4 by 27 s on the packed device compared to 12 s on the unpacked device as shown 
in Figure 2.25 (A) A similar trend is observed for the neurotransmitter serotonin, 
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however the retention is to a lesser extent compared to 5-HIAA, with 20 s of retention 
difference (WE1 to WE4) for the packed device and 10 s for unpacked device. This 
suggests that the compound is retained on the packed column however no clear 
separation can be obtained between these analytes.  
 
 
2.4 Electrode fabrication optimization 
 
Referring to Figure 2.22(b), flat surface of electrodes and substrate are needed 
for better bonding and to avoid overflow of packing silica beads at the edge of the 
channel. Therefore the proposed fabrication of electrodes is to be an array of inlaid 
electrodes within one wall of the channel. By using numerical models, we looked into 
detail at the effects of having a step electrode within a flow channel. In conventional 
fabrication method, electrodes are often fabricated using sputter or decomposition 
techniques, which will cause a residue like a step on top of substrate. However, by 
using sputtering method, the finest thickness of metal can be obtained in 0.2 to 1 µm 
range. Thus, it is an interesting issue to look at using numerical model to understand 
the situation of having a residue step like obstacle in a flow channel. 
 
In this research, the electrodes are subjected to a high flow rate condition and 
after packing silica beads within the channel to form a LC separation column, the 
back pressure will increase dramatically as the absolute volume decreases within the 
channel. Logically, high pressure from the flow will cause damage to the electrode 
such as peeling if electrodes are made via sputter or decomposition techniques. A 
worst case scenario is studied using simulated numerical model to show the 
concentration profile and the pressure occurred within the channel with a step. A 
constant flow velocity, 1 mm s-1 was applied at the boundary on the left and an 
assumption of step height 10 µm was used (assumption of a highest step height 
produced via sputtering process). Figure 2.26 shows the concentration distribution of 
a single and double step up electrode. 
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(a) 
 
(b) 
Figure 2.26: Model with step electrode at flow velocity 1 mm s-1, Pe = 400 (a) single electrode, (b) 
double electrodes with 3.2 mm gap in between. 
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 The concentration distribution of a step up electrode is slightly different with a 
flat surface electrode. With a double electrodes condition, the concentration 
distribution is affected by the surface area and geometry of the electrode. This is 
normally known as the edge effect. However, as the surface of the channel is uneven, 
the flow of the solution within the channel will lead to a different distribution to the 
convective flux, vorticity and pressure.  
 
During the stationary phase packing procedures, silica beads pumped or 
sucked through the channel using high pressure and this pressure is concentrated at 
the edge of the electrodes (weak point). Collisions and fractions between the slurry 
packing material and electrode surfaces are very likely to happen; this will potentially 
cause damage to the electrodes and leads to uneven surface or failed electrodes. 
Figure 2.27 shows the pressure and vorticity distribution within the channel with 1 
mm s-1 flow velocity and water used as the flowing solution.  
 
 
 
(a) (b) 
Figure 2.27 (a) pressure distribution profile across the channel, (b) pressure and vorticity 
concentration on the weak point of the edge of the electrode 
 
At the weak point, concentrated high pressure is equal to the pressure applied 
at the inlet of the channel. Another model of step electrode is simulated according to 
the pressure generates during packing and the pressure within a packed channel with 1 
mm s-1 flow velocity. The pressure at inlet of the channel can be up to 800 psi or 55 
bars (pressure recorded from experiment for a normal stainless steel column), by 
taking this value as a reference, the distribution of the pressure along the edge can be 
illustrated as a line graph in Figure 2.28. 
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Figure 2.28: Pressure distribution on the edge of the electrode facing the inlet. 
 
The high pressure concentrated on the weak point of the electrode encourages 
peeling of the electrode or wearing out of the edge of the electrode. An ideal condition 
is to have embedded electrodes within a wall of the separation column. 
Chromatography columns are normally a stainless steel or PEEK column packed with 
stationary phase. Non-flat wall surfaces were therefore avoided since they could cause 
vorticity, followed by other unknown hydrodynamic issues to the column and most 
probably expedite electrode peeling. 
  
Therefore, the proposed electrode array is to be inlaid into the wall of the 
microchannel.  
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2.5 Summary 
 
 The numerical models demonstrated the feasibility of electrochemical 
detection in packed channels (LC column) using inlaid electrodes. The models 
provide quantitative estimations of the effects of electrode geometry, spacing, flow 
rate and packing density using realistically achievable values. The simulation of the 
numerical models shows the possible trends and major differences of flux 
distributions of the unpacked and packed column under quiescent and flow 
conditions. Models with various column packing density show that even with highest 
density of particles packed above the electrode surface, the reaction on the electrode 
surface is barely affected. The simulated numerical models also show the importance 
of having inlaid electrode to avoid electrode peeling due to fast flow rate and high 
pressure within the packed column. 
 
In this chapter, the numerical modelling and experimental works show good 
agreement on the viability of these partially “blocked” electrodes to operate and detect 
analytes. The amplitude of detected signals will not be hindered by obstructed 
electrode surface. 
 
The important design features for the final device can be summarised as: 
 
(a) Flat surface of electrode array substrate and microchannel to ensure good 
adhesion and bonding 
(b) Strong bonding of electrodes that can withstand high internal flow velocity 
with minimum peeling issue. 
(c) Microbore C18 silica to allow better separations of analytes 
(d) Low pressure packing method to reduce high back pressure caused by the 
packing and leading to breakage of device bonding 
(e) Appropriate mobile phase for separation of prospective analytes 
 
As a conclusion, in-column electrochemical detection array is achievable and 
will potentially provide instantaneous longitudinal information of the separation 
progress.  
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Chapter 3  
Device development and fabrication  
 
 
3.1 Introduction 
 
In this chapter, the developments of the fabrication processes for the LC 
device with in-column electrochemical detections are described. The development 
process inevitably involved a number of different processes. A list of the fabrication 
processes for the whole microfluidic device is illustrated in a flow chart show in 
Figure 3.1. The development of the device is generally divided to 6 main parts; design 
device, fabrication the electrode array, fabrication of microchannel, device bonding, 
column packing and device final touch up.  
 
 
Figure 3.1: Final fabrication flow chart for inlaid electrode liquid chromatography device. 
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The development begins with the device layout planning. The device was 
designed according to the findings from numerical model studies and also the 
preliminary lab-built prototype. Computer aided design (CAD) program was used to 
define the layout and geometry of the desired pattern of the device. Subsequently, 
electrodes patterning processes were carried out on plastic substrates followed by 
planarization of the electrode array on plastic substrate. Later the microchannel of the 
device was fabricated by using master template and casting technique. The fabricated 
electrode array and microchannel were bonded together and the microchannel was 
packed with packing materials. The device was completed with the inlet and outlet 
connectors and connecting cables for the electrodes.  Each of these development steps 
will be described in the following sections in this chapter. 
 
 
3.2 Device layout and design 
 
Various issues have been considered before designing the device. The 
availability and compatibility of instrumentation were taken into account. The 
microchannel was designed to mimic the available commercial LC column in order to 
have the nearest comparison to the home-made device. Electrode array design was 
assisted by the results of the previous numerical models.  
 
3.2.1 Computer aided design (CAD) 
 
Computer aided design software AutoCAD 2004 (Autodesk, Inc.) was used to design 
the microchannel and the electrode array. The microchannel was designed to have the 
same effective column length of a commercial stainless steel LC column, Luna® ODS 
5 µm 50 mm × 1.0 mm i.d. Figure 3.2 shows the planar view of the microchannel chip 
with dimension in mm and the final 3D view of the microchannel chip. 
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a) 
 
b) 
 
Figure 3.2: Design and (a) dimension for microchannel (b) 3D view of microchannel. 
 
As shown in the figure, the total length of the separation column from inlet to 
outlet is 50 mm. A cylindrical void was designed to allow LC frit insertion for column 
packing purposes. The edges of the microchannel were designed to be curve fillet to 
allow better hydrodynamic flow properties.  This 3D AutoCAD drawing was used for 
master template and replica preparation.  
 
 Two arrays of different electrodes were designed and aligned across the 
channel; one array has 25 electrodes with width 250 µm (each 1.6 mm apart) and 
another array has 25 electrodes with 25 µm width (1.6 mm apart). Electrode array 
with 250 µm was simulated in numerical models and were used for the experiments. 
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However, the smaller microband electrodes have been inserted in between these 
bigger electrodes for fabrication testing purposes. Connecting pads (1.2 × 5.0 mm) on 
both sides of the substrate were connected by tracks 100 µm in width. The total size 
of the plastic with electrode array printed on is 66 × 41 mm. Figure 3.3 shows the 
design for the imprinted electrode array and connections with dimension in mm. 
 
 
Figure 3.3: Design of electrode array with dimension in mm. 
 
The design of electrode array was proposed to be printed on plastic substrates with 
either gold or platinum as the electrodes. The metals lines are to be flush with the 
plastic substrates. Two large electrodes were placed at the inlet and outlet of the 
channel to work as either the reference or counter electrode when needed.  
 
 
3.3 Materials 
 
Polymers have been widely used in the fabrication of microfluidic devices. 
Materials such as polydimenthylsiloxane (PDMS), poly(methyl methacrylate) 
(PMMA) and thermoset polyester (TPE) are used for microchannel fabrication . Each 
material requires different microfabrication protocol and provides different surface 
properties of the microchannel. PDMS has been widely used for microfabrication as it 
offers low-cost but high reproducibility microfabrication technologies [49, 99-101].  
 85 
However, others polymers such as thermoset polymer and polyester are currently 
becoming the new trend for microfabrication. Many techniques have been developed 
to produce reliable polymeric devices that can be used to carry out complicated 
system for medical, environmental or just basic mechanical and chemical analysis. 
This section will introduce the materials that will be used for the designed device 
fabrication.  
 
3.3.1 Polymers 
 
 Microfabrication of LOC was first realized by adopting fabrication techniques 
from microelectronics industry; materials used for LOC were initially dominated by 
glass, quartz or silicon as the major material for microfabrication. However, polymers 
have slowly taken over due to the ease of microfabrication and cost effectiveness. 
Polymers have been shown to offer better options for LOC fabrications [102]. Today, 
various methods and a wide range of machines and techniques have been developed to 
fabricate LOC that can meet the desired applications or geometry.   
  
 Some of the popular polymers used in microfluidic fabrication are 
poly(dimethylsiloxane) (PDMS) [101, 103], Poly(methyl methacrylate) (PMMA) 
[104] [105, 106] also called acrylate, thermoset polyester (TPE) [107, 108], 
polyethylene terephthalate (PET) [109], cyclo-olefin copolymer (COC) [110] and 
polyimide [111]. Most of the time, these polymers were chose according to the 
compatibility of their physical properties to the application of the microfluidic device, 
such as biocompatibility, optical properties that allow light transmission, surface 
properties whether hydrophilic or hydrophobic and also material stability in solvent. 
Besides that other reasons that come into consideration are the ease of fabrication, 
cost effectiveness, availability and also flexibility of integration with other materials 
used in the fabrication. The following of this section, some of the above polymers 
which are used in this research will be discussed in details. 
 
3.3.1.1 Poly(dimethylsiloxane) - PDMS 
 
Poly(dimethylsiloxane) (PDMS) is a silicon-based organic polymer that is 
widely used in microfluidic fabrication after glass. However, unlike other plastic, 
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PDMS acts like an elastic solid. The tensile strength of PDMS can be up to 7.1 MPa  
(SYLGARD® 184 elastomer, Dow Corning Corp., USA), however, the number can be 
varied with preparation conditions. The chemical formula of PDMS has the form of a 
number of repeating monomer [SiO(CH3)2] units.  
 
Figure 3.4:  PDMS chemical structure. 
 
PDMS is one of the thermoset polymers which will polymerize or crosslink 
once heated. The shape of the PDMS depends on the mould used for the 
polymerization. Therefore, by having the master mould, PDMS can be used in casting 
shapes and replicas. As this material is generally inert, non-toxic and easy to use, it 
was utilized as the platform for many microfluidic devices.  
 
PDMS has been applied in membrane technology for a long time as it is highly 
permeable to oxygen and also biocompatible [112]. The first report about PDMS used 
in microfabrication was in 1997 by Effenhauser, where this flexible microdevice was 
used for single DNA detection and analysis [37, 102]. Since then PDMS has 
dominated the fabrication of microfluidic devices [113-115]. Rapid prototyping has 
been developed and introduced for the fabrication of microfluidic device using PDMS 
[116], where it took no longer than 24 hours to make a ready to use device.  
 
PDMS can bond irreversibly to glass by oxygen plasma treatment on the 
surface. Oxidizing the surface of the PDMS and glass creates -OnSi(OH)4-n groups 
which allow irreversible covalent siloxane bonds between the PDMS substrates by a 
reaction [117-121]. PDMS was reported to be usable as an adherence agent for 
bonding other plastic [121, 122] and has also successfully been bonded to polystyrene 
substrate [123]. PDMS was often used for making master replica or moulding due to 
the ease of handling and inert to other polymers such as casting acrylic glass and 
thermoset polyester [108]. 
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Due to high back pressure from the pump and pack column, this material will 
expand sand deform. Therefore, solid and hard polymers are the alternatives. 
However, as PDMS is inert to chemicals, PDMS was used in preparing replica for the 
polyester casting. 
 
3.3.1.2 Poly(methyl methacrylate) - PMMA 
 
Acrylic – Perspex ® sheet or commonly described as poly (methyl 
methacrylate) (PMMA) is a synthetic polymer of methyl methacrylate with tensile 
strength up to 40 MPa and tensile modulus up to 1.9 GPa (Smithers Rapra 
Technology Limited, USA). Methyl methacrylate is produced through acetone 
cyanohydrins route, using acetone and hydrogen cyanide as raw material [124].  
 
 
Figure 3.5: PMMA chemical structure. 
 
This transparent plastic has gained its popularity in microfluidic device 
fabrication due its good dielectric strength [106], exceptional light transmission, 
inert to most solvent even high concentrations of methanol, versatility and ease of 
machining properties [99] [125]. However, in acetone or acetonitrile, PMMA 
collapses and slowly dissolves in both solvents. Thus, acetone and acetonitrile can 
be used to soften surface of PMMA for bonding purpose or surface modification 
[105]. 
  
In spite of this, PMMA was used as it can be easily modified by applying 
temperature above its glass transition temperature, Tg and does not require clean room 
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facilities for the proposed PMMA microfluidic device lab-built prototype [99].  
Different Tg of PMMA have been reported [126] however; the proposed temperature 
is between 110 - 115 ˚C for imprinting and thermo bonding for these PMMA pieces.  
 
3.3.1.3 Polyethylene terephthalate - PET 
 
Polyethylene terephthalate (PET) is generally a thermoplastic from the 
polyester family. This type of plastic is normally used for making food and liquid 
containers and as synthetic fibres. PET used in microfabrication is usually transparent 
and normally processed using hot-embossed or thermal printing methods.  
 
 
Figure 3. 6: polyethylene terephthalate chemical Structure. 
 
 The tensile strength of PET is higher than PMMA which is 80 MPa, tensile 
modulus 4 GPa and have a lower Tg which is 75 ˚C (Goodfellow Cambridge Ltd., 
UK). PET is formed by polymerized units of dimethyl terephthalate or ethylene 
terephthalate with the repeating C10H8O4 units. As PET is heated up and burned, CO2 
and water are released. Therefore PET is commonly recycled and is one of a good 
choice for one-use micro analytical device.  
 
 PET has high popularity in microfabrication due to the good adhesion 
properties under low temperature. As PET has high tensile properties, PET was used 
to make a thin film sheet which can be used for device laminating of microfluidic 
devices [109, 127]. Besides that, PET was used to fabricate CE device [128] which 
shows that PET has good dielectric strength.  
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3.3.1.4 Thermoset polyester -TPE 
 
Thermoset polyester (TPE) is a type of the thermoset polymer materials which 
has similar preparations to PDMS which is irreversibly cured through heat but not 
melted when heated. Thermoset polyester come in liquid form, where the resin is 
more diluted compare to PDMS. Normally water clear polyester is used for 
microfluidic fabrication. The polymer resin is mixed with its catalyst, methyl ethyl 
ketone peroxide (MEKP) and cured in oven. This organic peroxide, MEKP is an oily 
liquid that is added to initiate the polymerization of polyester. Thermoset polyester 
polymerized to the shape of the mould and set to the shape.  
 
For microfluidic device fabrication, this thermoset polyester can be processed 
using casting method. Besides that, it promises rapid curing and can be semi-cured for 
channel transfer or adhesion process. This material promises an incredible bonding 
strength to the same material (or similar family materials) using the semi-cured 
bonding condition. 
 
3.3.2 Packing materials – Octadecyl silane (ODS) 
 
Chemical modified silica particles were used in preparing the LC device. The 
silanol groups on the silica can be chemically modified using substitution of 
chlorosilane to form monomeric or polymeric bonded phases. Octadecyl silane (ODS) 
called C18 is one of the common bonded phase in stationary phase. It has the longest 
alkyl chains which is good for separating small molecules. Figure 3.7 shows the 
chemical structure of the ODS. 
 
 
Figure 3.7: Octadecyl silane (ODS) chemical structure. 
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Several manufacturers such as Luna®, Jupiter® and Hypersil® produce ODS 
normally in 3 different particles sizes (3, 5, 10 µm) and this ODS can be purchased in 
bulk from distributor such as Phenomenex® and PerkinElmer® 
 
 
3.3.3 LC column accessories  
 
Connectors and HPLC frits were selected according to the LC instrument. 
There are several designs and sizes of frits and connectors that can be purchased from 
laboratory suppliers. In this device the LC frits (AQ0-0537) and 
(polyaryletheretherketone) PEEK unions (ED020008) from Phenomenex® and 
PerkinElmer® respectively were used. Figure 3.8 shows the photos of the HPLC frits 
and PEEK unions. 
 
 
(a) (b) 
Figure 3.8: (a) Stainless steel HPLC frits with pore size 2.0 µm by Phenomenex® (b) PEEK union 
by PerkinElmer®. 
 
 The stainless steel HPLC frit is 3.175 mm (1/8 inches) in diameter and 0.794 
mm (1/32 inches) in thickness. The pore size of the frits is 2 µm which is sufficiently 
fine to retain 5 µm particles. The PEEK union was used as the connectors to the inlet 
and outlet of the column. The PEEK union was modified by cutting it into half by 
using the Isomet low speed diamond saw (Buehler Ltd, USA). These PEEK 
connectors are able to fit with 1.58 mm (Ø) PEEK tubing.  
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3.4 Method development and fabrication 
 
The fabrication of the device involved a combination of different techniques 
and methods. Many techniques and methods have been reported and are available to 
fabricate different type of devices. However, not all techniques can be used and the 
availability of equipment is a major constraint. Conventional fabrication methods are 
still popular for microfabrication which just requires basic equipment for fabrication. 
 
Photolithography is one of the widely used techniques adopted from the 
microelectronics field in the early 90s which is still popular for micro[129] or 
nanofabrication[130]. Most importantly photolithography was used for silicon master 
template preparation [131-133]. Moulding and embossing are other popular 
microfabrication techniques using a number of different procedures. Replica 
moulding normally uses PDMS mould for casting a pre-polymer by photo or thermal 
curing methods [108, 134].  Embossing or imprinting method normally refers to 
pressure-induced pattern transfer from a rigid mould [99, 135] with heat applied 
however there was also imprinting method using surface modification using 
solvent[105]. Due to the rapid growth and high demand on microfluidic devices, 
many other patterning and fabrication methods have been used and reviewed [136, 
137]. 
 
Several techniques from microfluidic device fabrication were considered. 
Different techniques have been assessed to produce the best fabrication techniques for 
the proposed LC device. This section will discuss in details the methods that have 
been developed and tested in order to fabricate this LC device. 
 
3.4.1 Embedded gold electrode array development and fabrication 
 
The proposed electrode array within the separation column is embedded 
within the wall of the column. This is to limit unknown variables caused by the non-
flat column surface and to mimic the conventional column. Several methods have 
been proposed to obtain the flat surface of electrode array on plastic. The fabrications 
of this electrode array on plastic substrate were carried out in the Micro Biochip 
Centre in Hanyang University, Korea. 
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The fabrication of the electrode array was assessed using two different 
methods (i) the normal electrode patterning on the substrate which will result in a 
residue on the substrates and (ii) planarization methods which will produce a flush 
electrode array on the plastic substrate. 
3.4.1.1 Electrode patterning 
 
Two different techniques were examined for patterning the metal lines on the 
plastic substrate: lift-off technique and wet-etching technique. 
 
Lift-off technique. The process flow for lift-off technique is shown in Figure 3.9.  
 
Figure 3.9: Schematic diagram for lift-off process for electrodes patterning. [PR: photoresist.] 
 
Plastic substrates, PMMA and PET were both used for this technique. The 
plastic substrate was treated with isopropyl alcohol (IPA) in ultrasonic bath for 5 
minutes, rinsed with deionised water and dried in nitrogen stream. Photoresist (AZ 
Electronic Materials) was spin-coated on the plastic substrate. Electrode design was 
transferred by exposing the coated substrate through a negative film mask. The 
unexposed photoresist was washed away in the photoresist developer. Gold was 
deposited on the substrate and the remaining photoresist by using physical vapour 
deposition (PVD) technique. Figure 3.10 shows the schematic diagram for the PVD 
process. 
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Figure 3.10: Physical vapour deposition. 
 
To produce a better adhesion of gold on the plastic substrate, a thin layer of titanium 
(~ 100 Å) was always deposited on the plastic substrate before gold in PVD 
technique. The plastic substrate and the target (Au or Pt) were placed in the vacuum 
chamber. The ions from the plasma were attracted towards the target, the ions strike 
and dislodge the target atoms and the target atoms then landed on the substrate. After 
depositing titanium, gold was deposited on top of the thin layer of titanium using the 
same PVD technique. Approximately 2000 Å of gold was deposited on the titanium. 
After metal deposition, the coated substrate was then removed from the deposition 
chamber. The photoresist together with the deposited gold on top of the photoresist 
were lifted-off from the substrate using resist strippers and leaving the desired gold 
deposited on the plastic. Figure 3.11 shows the outcome of the lift-off process for 
PMMA and PET. 
 
 
 
(a) (b) 
Figure 3.11: Substrates after lift-off process (a) PMMA (b) PET. 
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The adhesion of metal on PMMA was not as good as on PET. After the lift-off 
process, both metal and photoresist on PMMA substrate were washed off. There was 
good adhesion of gold on top of the PET. Photoresist and the metal residues were 
successfully stripped away. However, the resist stripper which was used in the metal 
and photoresist stripping process reacted with the plastic causing the plastic to 
deform. Therefore, a second electrodes patterning method was proposed.  
 
Wet-etching technique was slightly modified from the lift-off technique. Figure 3.12 
shows the flow diagram of wet etching technique for the electrodes patterning and the 
final outcome of the technique. 
 
Figure 3.12: Wet etching technique. 
 
In this technique, gold was deposited (PVD) on a pre-treated plastic substrate 
and then photoresist (AZ 1518 by AZ Electronic Materials) was spin-coated on top of 
the gold layer. The design of electrodes was transferred using film mask and cured 
using UV exposure on to the photoresist. The unexposed photoresist was developed 
leaving the desired design of photoresist on top of the gold layer. The exposed gold 
layer was etched away using standard gold etchant (Duksan Pure Chemical, Korea). 
Finally, the photoresist was removed by using standard resist stripper.  
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The idea was that instead of using resist stripper to strip off the photoresist 
together with the unwanted deposited gold; the desired gold metal was covered by the 
photoresist during the gold etching process. The photoresist will be stripped off at the 
end of the process using normal resist removing protocol from the supplier, so that the 
solvent based resist strippers will not damage the substrate. However, these two 
techniques resulted in step residues of metal lines deposited on top of the substrate; 
therefore planarization was introduced to fabricate embedded metal line within 
plastic.  
 
3.4.1.2 Planarization 
 
Chemical and mechanical planarization (CMP) was used to physically polish and 
flatten the surface of the metal and plastic. Figure 3.13 illustrates the flow diagram of 
the fabrication of the embedded electrodes utilizing CMP technique. 
 
 
Figure 3.13: Schematic diagram for chemical mechanical planarization. 
 
A silicon mould was prepared using conventional photolithography (Section 
3.4.2.1). The plastic substrate was pre-treated using the protocol as described in 
Section 3.4.1.1. The mould was aligned and was hot embossed on the PMMA and 
PET at 125 ˚C and 80 ˚C respectively for 90 minutes. Gold was sputtered on the 
plastic where gold filled up the hot embossed pattern and the surface of the plastic. 
Then, CMP process was applied to polish the surface of the substrate so that the 
excess gold on the surface was polished away leaving only the metal within the 
grooves from the embossed pattern. However, the adhesion of the metal on the plastic 
 96 
was poor and after CMP process, metal was peeling off from the plastic. Figure 3.14 
shows the outcome of a plastic substrate after CMP process. 
 
 
Figure 3.14: Plastic substrate after CMP process. 
  
Similar adhesion problem in the lift-off technique was observed in CMP 
technique for both plastic substrates. The shape of the grooves (90 ˚) on the substrates 
caused difficulty for the metal deposition and caused weak bonding.  
  
Reverse imprinting technique was then introduced to impress the patterned metal 
line into the plastic. This method has successfully produced good embedded 
electrodes within the plastic substrate. The fabrication of the embedded electrode 
array on plastic substrate is shown in Figure 3.15.  
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Figure 3.15: Flow diagram for fabrication for electrode array on PET substrate. 
 
As PET has better tensile strength compared to than PMMA and due to the poor 
adhesion of metal on PMMA, PET was chosen for this process. The PET substrate 
was pre-treated by sonication with IPA in ultrasonic bath for 5 minutes, followed by 
rinse in deionised water with nitrogen degassing for 3 minutes. The substrate was 
spin-dried in a spinner for 2 minutes.  
 
Photolithography (Section 3.4.2.1) was used to transfer the desired pattern of 
electrode array to the substrate. Thin layer photoresist (AZ 1518 by AZ Electronic 
Materials) with thickness 1.6 µm was spin-coated on the metal deposited substrate 
and soft baked in oven (60 ˚C). The film mask with the desired pattern was aligned in 
between the UV light source and the substrate. The photoresist was exposed to the UV 
(365 – 438 nm) for 20 seconds. The substrate was post baked to optimize the cross-
linking density before wet development. Photoresist developer (AZ 500 MIF, AZ 
Electronic Materials) was used to remove the unexposed area of the photoresist. The 
developer temperature was maintained at room temperature (25 ± 1˚C). AZ 500 MIF 
was used as it minimizes chemical attacked on the substrate. After the developing 
process, the substrate was rinsed with deionised water and the pattern of polymerized 
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photoresist was checked under the microscope. Photoresist has to cover the surface of 
the desired metal design and leave the unwanted gold surface exposed.  
 
Then wet etching was applied to etch away the exposed metal surface. Gold 
etchant DSPAu25 (Duksan Pure Chemical, Korea) based on hydrochloric acid and 
nitric acid was used to etch the exposed gold on the substrate. After etching away the 
gold, Ti etchant (DSPTi511) was used to etch away the titanium. The substrate was 
then cleaned with deionised water and spun dry for 2 minutes. A suitable photoresist 
stripper (DSPS300; Duksan Pure Chemical) for PET was used to strip away the 
polymerized photoresist.  After stripping off the polymerized photoresist, the desired 
pattern of gold was left on the substrate.  
 
To produce an embedded electrode array within a PET substrate, hot 
embossing equipment (EVG520, EVG, Austria) was used to imprinting the electrodes 
into the substrate. Figure 3.16 shows the schematic for the hot embossed imprinting 
process.  
 
Figure 3.16 Schematic of hot embossed imprinting process. 
 
However, a blank mould (silicon wafer) was instead used to reversely imprint 
the metal lines into the PET substrate. Optimized hot embossing imprinting process of 
blank mould was achieved at 25000 N m-2 and 80 ˚C for 90 min. When heated up 
above the glass transition temperature of the PET substrate (Tg = 75 ˚C), the 
microelectrodes were pressed into the melted PET substrate. After cooling down, the 
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mould was separated from the sample and the electrode array was successfully 
embedded into the PET substrate.  Figure 3.17 shows the final outcome.  
 
 
Figure 3.17: Inlaid gold electrode array on PET substrate. 
 
The electrode array PET sheet was cleaned and kept for microchannel 
bonding. However, before bonding the embedded electrode array PET substrate were 
inspected for connection and also surface smoothness. 
 
3.4.2 Microchannel development and fabrication 
 
In this section, two fabrication methods were considered and compared for the 
fabrication of the microchannel.  
 
3.4.2.1 Photolithography and microstereolithography 
 
Initially photolithography technique was used to prepare the silicon master 
template for the microchannel. The flow diagram of the photolithography process is 
shown in Figure 3.18. 
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Figure 3.18: Photolithography process. 
  
Photolithography begins by pre-treating the surface of the substrate (silicon 
wafer or plastic). Normally, the surface of a silicon substrate was pre-treated in a 
chamber at temperature between 900 to 1150 °C in oxygen stream. The pre-treated 
oxidized silicon wafer was spin-coated with a negative photoresist layer (SU-8) on a 
vacuum resists spinner to produce a thin resist film on the surface of the wafer. The 
thickness of the photoresist on the wafer depends on the duration of the spinning 
process, the spinning speed, the viscosity and the concentration of the photoresist 
used.  
 
After the spinning process, the wafer was soft baked (65 ˚C) then followed by 
film mask alignment in between the UV light source and the wafer. The photoresist 
was exposed to UV (350 – 400 nm) for 20 s. Post exposure treatment is often needed 
to optimize the cross-linking density of the resist-coated wafer by soft baking for 2 
minutes. After the post exposure treatment, the resist-coated wafer was developed in 
the resist developer to remove the unexposed areas of photoresist. The developed 
wafer was rinsed with isopropyl alcohol and dried with a mild stream air. The wafer is 
then hard baked (120 ˚C) to improve the hardness of the resist. However, thin design 
of microchannel often cracked during the hard bake process. Therefore, hard bake 
process was only required when the design of the channel uses thick layer of resist. 
Finally, the master template was used for casting the design channel.  
 
However, for large channel design (in millimetre) in this device, 
photolithography was not practical due to the long baking time required and because 
the thickness of the photoresist was difficult to estimate.  Besides that, during the 
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casting process set thermoset plastic was hard to remove from the silicon master 
template. During the demould process of the thermoset plastic, the SU-8 pattern on 
the silicon master template was destroyed. As a result, a PDMS elastomer 
mould/replica was made for casting purposes. The PDMS mould was prepared using 
the silicon master for the polyester channel fabrication. However, the emergence of 
microstereolithography (MSL) system has made the fabrication process for 3D 
devices simpler and promised more precise channel thickness as compared to 
photolithography technique.  
 
Microstereolithography is a rapid prototyping technique based on 
photopolymerisation of photopolymer R11. Perfactory® R11 resin is photo-reactive 
acrylate that was normally used for creating master patterns in rubber moulding and 
also electrical housings, jewellery products and automobile application.  Figure 3.19 
illustrates the basic principle of the microstereolithography fabrication.  
 
 
Figure 3.19: Basic principle of microstereolithography fabrication. 
 
Microstereolithography uses a CAD model to produce a layer-by-layer 
polymerized resin R11. These layers are series of 2-D space-resolved polymerisation 
of liquid resin to form a solid polymer. Figure 3.20 shows the MSL system used for 
the fabrication of the acrylate master template of the 3D microchannel. 
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Figure 3.20: (a) Perfactory® MSL system by envisionTEC (b) close looked of MSL system. 
 
The microchannel CAD design was loaded into the computer within the MSL system. 
Due to the length of the design microchannel, it took 10 hours to finish the printing. 
As MSL system is fully automatic, the system can operate overnight and the acrylate 
R11 microchannel fabrication was fully completed in the next morning. 
 
3.4.2.2 Casting and curing procedure 
 
Figure 3.21(a) shows the final outcome of the acrylate R11 microchannel 
master template. The final microchannel was fabricated with thermoset plastic using 
casting methods. Thermoset plastic was used as the casting resin. PDMS mould was 
prepared for the casting of the polyester. Figure 3.21(b) shows the PDMS mould made 
from the acrylate R11 microchannel.  
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Figure 3.21: (a) Acrylate R11 microchannel master template fabricated using MSL system, (b) 
PDMS mould replica fabricated based on R11 master template 
 
A ratio of PDMS resin 20 g to hardener 2 g were mixed up well and was degassed in a 
vacuum chamber for 10 minutes. The mixture of the degassed PDMS was then poured 
into casting dish and cured at room temperature for 2 days or for a faster curing of the 
PDMS pre-polymer, it was cured in the oven at 40 ˚C overnight. However, the oven 
temperature must not be higher than 50 ˚C, as the acrylate R11 microchannel will start 
to crack. After curing, the PDMS replica was examined under microscope and was 
cleaned with ethanol in an ultrasonic bath for 3 minutes. The replica was dried in 
nitrogen stream and was kept in a sterilised dish.   The PDMS replica was used for the 
next casting of the microchannel. 
 
Thermoset polyester (TPE) pre-polymer (CFS Fibreglass Supplies, UK) was 
prepared by mixing 10 g: 0.1 g of resin to hardener ratio. After mixing, the TPE 
mixture was degassed in the vacuum chamber for 2 minutes and then poured into the 
PDMS mould. The pre-polymer was left at room temperature to rest for 2 minutes 
before partial curing in the oven. Oven was set to 60 ˚C and the PDMS mould with 
TPE mixture was semi-cured for accurately 10 minutes. 
 
The semi-cured TPE microchannel (jelly like) was left to rest in the mould in 
room temperature for 5 minutes before being peeled off. The TPE microchannel was 
carefully peeled off using a pair of tweezers and a stainless steel HPLC frit 
(Phenomenex®) with diameter 3.175 mm (Section 3.3.3) was inserted at the outlet 
void in the channel.  
(a) (b) 
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The microchannel was then aligned and bonded on the PET embedded 
electrode array substrate. A light load was applied to hold the microchannel to the 
PET (Tg = 75˚C) substrate in the oven and was cured at 76 ˚C for 2 hours. The bonded 
device was left on the bench to cold and was prepared for column packing process. 
 
3.4.3 Channel packing and final touch up 
 
Several papers have reported different procedures of preparing the silica based 
column within microfluidic devices [138, 139]. A positive force or pressure was 
usually given to push the slurry of silica beads into the column. However, for this PET 
device, a suction method was used and the details of the column packing are 
discussed. 
 
The microchannel was cleaned with deionised water followed by 10 column 
volumes of methanol. A slurry of 5 µm octadecyl silane (ODS, Hypersil, 
Phenomenex®) beads was prepared from 2 mg of ODS beads in 1 ml of methanol.  
Figure 3.22 shows the schematic setup for the column packing using suction method 
from the outlet. 
 
Figure 3.22: Column packing setup for the suction packing technique. 
 
The solvent was sucked out across the column from the outlet using a vacuum 
pump through the frit. Silica beads were retained by the frit and slowly packed up in 
the column. Suction technique reduces back pressure applied to the device column 
compared with the normal positive force packing. The whole packing process took 
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about 30 minutes. Figure 3.23 shows the photos of the channel before and after 
packing. 
 
(a) (b) 
Figure 3.23: Photo for (a) the unpacked and (b) packed column. 
 
Once the column was packed, connectors and wires were connected. Modified 
PEEK connectors (PerkinElmer®, USA) (Section 3.3.3) were glued using araldite 
epoxy resin (Robnor®, UK) on the inlet and outlet of the column. This glue can hold 
up to 200 bars back pressure after curing.  
 
This low viscosity epoxy resin was prepared by mixing the resin with hardener 
at ratio 3:1. The mixture of epoxy was partially cured for 5 minutes at 50 ˚C in the 
oven and left in room temperature for 10 minutes before applying to the connector. 
This is to minimise the risk of resin running into the connector lumen as the viscosity 
of the epoxy increased after it cooled down to room temperature. The partly cured 
epoxy was used for the adhesion of the PEEK connectors to the PET device.  
 
Conductive epoxy (Circuit Works) was used to connect the wires to the gold 
pads at the edge of the device. Figure 3.24 shows the PET column with the connectors 
and electrodes linked.  
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Figure 3.24: PET column with in-column electrochemical detectors. 
 
After connecting the connectors and wires, the device was left at room 
temperature to cure overnight.  
 
3.4.4 Channel regeneration and storage 
 
Attachment of connectors and connection leads causes the stationary phase to 
dry out. The stationary phase needs to be regenerated before experiment. The 
regeneration protocol is to have 100% of methanol or acetonitrile flushing through the 
column for a minimum of 10 column volumes [140].  
 
To minimise swelling problem of PET due to high concentration of organic 
solvent, the PET column was washed in solvent 75 %: 25 % (v/v) methanol: water. 
The solvent was continuously flowed through the column at low flow rate, 10 µl min-1 
for at least 1 hour. The back pressure of the column will increase when the solvent 
fully fill up the whole column. This protocol was used for column storage after 
experiments and also to regenerate column that was not performing due to 
contamination.  
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A new PET column was normally washed with the solvent overnight at 10 µl 
min-1 before storage or first use. In spite of regenerating the column, it helps in 
obtaining better packing of column bed by flushing the solvent continuously. 
 
 
3.5 Device examinations 
 
The complete device was examined for its mechanical properties before 
subjecting it to the real separation and electrochemical experiments.  
 
3.5.1 Step height and surface inspection 
 
The step height of the imprinted gold electrodes was inspected using Alpha-
Step surface profiler (Veeco Instrumentations Inc, USA). An average thickness 2000 
± 200 Å of gold patterned electrode array was deposited on the substrate. Figure 3.25 
shows the profiles in three locations within the substrate where the gold lines were 
inspected before and after the reverse imprinting process. 
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BEFORE AFTER 
 
 
(a) 
 
 
(b) 
 
 
(c) 
Figure 3.25: Step height inspection before and after imprinting at three location in the substrate; 
(a) connection pad, (b) electrodes and (c) connecting track. 
 
After the reverse imprinting process, the average step height difference between PET 
and gold strips was reduced to within 40 nm. A scanning electron microscope (SEM) 
image is shown in Figure 3.26 illustrating the surface properties of the gold on the 
PET substrate.  
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Figure 3.26 SEM of the embedded electrode array within PET substrate. 
 
From the SEM and alpha-step scanning, the step between the PET substrate 
and gold is within 40 nm on average and the SEM shows the gold line embedded into 
the PET substrate. No obvious cracking of PET and gold was observed from the SEM 
image.   
 
3.5.2 Pressure study  
 
The general problem with polymer devices is that pressure causes leakage 
from the sides of the bonding contacts of the device. As semi-cured thermal bonding 
was used for this PET device, the temperature for the final thermal bonding was 
investigated. The semi-cured polyester channels were aligned and thermally bonded to 
the PET substrate at 5 different temperatures. Four devices for each thermal bonding 
temperature were fabricated.  Figure 3.27 shows the breakdown pressure of devices 
versus the temperature used for the thermal bonding. The outlets of the devices were 
blocked with glue and slow flow rate, 0.02 ml min-1 was applied.  The back pressure 
was recorded from the pump.  
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Figure 3.27: Breakdown pressure vs. thermal bonding temperature. 
 
As the glass transition temperature, Tg of PET is 75 ˚C; satisfactory bonding only 
happens for thermal bonding above 75 ˚C. According to the graph, good bonding can 
be achieved at 80 ˚C; however, the gold metal lines started to crack and caused 
disconnection of the metal line. Figure 3.28 shows the electrode surface after high 
temperature bonding, 80 ˚C.  
 
 
Figure 3.28: Metal line after high thermal bonding. 
 
It is clear that the gold metal lines are wrinkled and some of the connection 
lines were broken.  This happened because the TPE substrates shrank and curled up 
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when high temperature was applied. Therefore, a temperature of 76 ˚C with longer 
time was used for the thermal bonding as it is just above than the Tg for the PET.  
 
Another pressure study was done comparing the bonding strength of packed 
thermoset polyester (TPE) column to PMMA and to PET. Five samples of each type 
of devices (PMMA and PET) were prepared using same protocol described in Section 
3.4 with 2 hours temperature bonding at 76 ˚C and 120 ˚C for PET and PMMA 
respectively.  The outlets of both homemade devices were blocked with glue and flow 
rate was slowly increased to obtain a stable pressure reading. Figure 3.29 shows the 
bar chart for the average breakdown pressure for the 5 samples of each of the PMMA 
and PET devices.  
 
 
Figure 3.29: Average breakdown pressure studies for PMMA and PET devices. 
 
PMMA shows weaker bonding strength than polyester. The semi-cured bonding 
method for the PET device shows better bonding along the channel, failure of PET 
was due to the material tolerance of the PET substrate. At 90 bars, a hole was found 
underneath the inlet of the device and is shown in Figure 3.30. 
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Figure 3.30: Cracking at the inlet of the PET device caused by high back pressure. 
 
Only devices with good bonding can withstand high back pressure up to 90 bars, as 
devices with normal bonding will normally leak along the sides of the channel. The 
crack on the device found was about 8 mm in diameter underneath the inlet of the 
channel. Flow rate of 80 µl min-1 was used and it produced back pressure around 60 ± 
5 bars (unblocked device) for all the range of mobile phases planned to be used in the 
experiments which the device can definitely withstand. 
 
 
3.6 Summary 
 
This chapter has showed the materials and methods used for the development 
of the techniques and methods used for the LC device. List below summarizes the 
finalized procedures for the PET LC device fabrication, 
 
1. Device layout was prepared using CAD software. 
2. Reverse imprinting technique was used for the fabrication of the inlaid gold 
electrode array on the PET substrate. The inlaid electrode array was strongly 
adhered to the PET substrate with a step height difference within 40 nm.  
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3. MSL system was used to prepare the 3D microchannel master template on 
acrylate rather silicon wafer that prepared by photolithography method.  
4. PDMS replica mould was prepared from the acrylate master template for the 
thermoset polyester microchannel casting.  
5. Thermoset polyester was partly-cured in oven at 60 ˚C for 10 minutes and was 
thermally bonded (76 ˚C) on to the electrode array PET substrate. 
6. PET column was packed with 5 µm ODS and finished by attaching 
connectors. 
 
Temperature 76 ˚C was used for PET thermal bonding as higher temperature 
caused the inlaid gold metal lines to wrinkle. The physical tests of the device have 
showed that PET material has better bonding to polyester channel. This semi-cured 
with thermal bonding technique allows PET device to achieve high strength bonding 
up to 90 bars.  
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Chapter 4  
Device and column characterization  
 
 
4.1 Introduction 
 
This chapter describes the characterization of the in-column electrode array 
within the PET device. Electrochemistry at the electrode array under unpacked and 
packed columns in these PET devices was examined in quiescent and flowing 
solutions to provide information regarding electrode surface, column packing 
efficiency and the dependence of electrode current on flow and volume fraction. 
Conventional chromatography with post-column detection was carried out on a PET 
packed column and a commercial stainless steel column for comparison of column 
efficiency and also to examine column regeneration of the home-packed column. 
Mobile phase composition and temperature effects were investigated.  
 
 
4.2 Experimental setup 
 
4.2.1 Instrumentation 
 
For all flow experiments in this chapter, columns were connected to an HPLC 
system consisting of an Agilent HP1050 pump, autosampler and column heater.  
 
Three different columns were examined in this chapter (i) PET unpacked 
column, 50 mm × 1.0 mm × 1.0 mm (L×W×H) with in-column gold (Au) microband 
electrode array, 1 mm × 250 µm (L × W) (ii) PET packed column with HypersilTM 
ODS 5 µm 50 mm × 1.0 mm × 1.0 mm with in-column gold microband electrode 
array (iii) the commercial stainless steel column Luna® ODS 5 µm 50 mm × 1.0 mm 
i.d. analytical column by Phenomenex®. 
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Two voltage-current control units for the electrochemical detection were used, 
(i) 8 channel CHI potentiostat 1030 (CHI instruments, Inc) was used with the in-
column gold microband electrode array of the PET device and commercial standard 
reference and gold disc electrodes with 2 mm in diameter (Cambria Scientific Ltd., 
UK). Voltammetry and amperometric techniques were used with the in-column 
detectors and (ii) the Epsilon® LC amperometric detector was used with a post-
column 6 mm radial unijet flow cell glassy carbon electrode, both from Bioanalytical 
Systems (West Lafayette, IN, USA.). 
 
4.2.2 Electrode surface treatment 
 
Electrode surface cleaning is a crucial step in good electrochemical detection. 
All electrodes were cleaned before electrochemistry experiments and the cleaning and 
treatment procedures for the working electrodes are described below.  
 
The in-column electrode array for the unpacked and packed column was 
electrochemically cleaned as this electrode array is enclosed within a column so that 
mechanical polishing is not possible. 1 mmol dm-3 sulphuric acid (H2SO4) was 
prepared and adjusted to pH 3 using sodium hydroxide (NaOH) (BDH) to be used as 
cleaning agent for the electrode array. The potential was swept from –1 V to +1 V at a 
scan rate of 1 V s-1 for 3 minutes [141]. H2SO4 was adjusted to higher pH to prevent 
damaging of the silica beads that were packed in the column since bonded phase silica 
packing are normally stable between pH 2 – pH 13. After the electrochemical pre-
treatment, the PET columns were flushed thoroughly with deionised water for at least 
15 minutes at flow rate 80 µl min-1 for the packed column and 0.5 ml min-1 for the 
unpacked column.  
 
The commercial gold disc electrodes were mechanically polished by using 
Microcloth polishing pad (Buehler Ltd, Coventry, UK) with aqueous slurry 0.05 µm 
Micropolish II alumina powder (Buehler Ltd, Coventry, UK). The polishing pad was 
slightly wetted using deionised water and a small amount of polishing powder was 
placed in the middle of the pad. The electrode was held vertically and firmly while 
polishing and moved in a figure-of-eight motion to ensure uniform surface polishing. 
The surface of the electrodes was checked using a magnifying glass (× 20) to ensure 
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the surface was mirror smooth and free from scratches and spots. However, electrodes 
with rough surface or deep scratches were first polished using aqueous slurry of larger 
alumina particles 1.0 µm then followed by 0.3 µm using nylon polishing pads. 
Polishing was undertaken with great care to avoid contamination and the electrode 
surfaces were rinsed thoroughly with deionised water before changing to a different 
polishing pad each time before use.  
 
The 6 mm radial flow cell glassy carbon electrode was mechanically polished 
using the same protocol as the gold disc electrode. The reference electrode of the 
radial flow cell was pretreated by coating the reference electrode with a drop of Unijet 
reference solution (Bioanalytical systems, West Lafayette, IN, USA) for a minute and 
wiped off with tissue paper. Gasket and the whole electrode cell block was spray 
cleaned with ethanol and rinsed with deionised water before reassembly.  
 
4.2.3 In-column microband gold electrode array calibration 
 
Chemicals. 1 mol dm-3 potassium chloride (KCl) (BDH) was used as the background 
electrolyte for 1 mmol dm-3 potassium ferrocyanide (K4Fe(CN)6) (Fisons scientific, 
UK) and 10 mmol dm-3 hexaammineruthenium (III) chloride (Ru(NH3)6Cl3) 
(Aldrich). 1 mmol dm-3 of 3-hydroxytyramine (dopamine, DA) was prepared in citric 
acid buffer. Citric acid buffer was prepared as follows: 25 mM sodium 
dihydrogenorthophosphate, 50 mM citrate acid and 10 mM sodium chloride were 
made up to 1 L with deionised water and adjusted to pH 3.2 using concentrated 
sodium hydroxide (NaOH). Samples were freshly prepared in 1 M KCl before the 
experiments.  
 
Detection. The potential and current for the in-column detectors were controlled by 
an 8 channel CHI 1030 potentiostat. The microband gold electrodes were potentially 
controlled between 0 to +600 mV using voltammetric technique with respect to a gold 
pseudo reference electrode or standard silver-silver chloride (Ag|AgCl) reference 
electrode (Cambria Scientific Ltd., UK) and the circuit was completed with a gold 
auxiliary. Potential and current were controlled and recorded by software CHI1030A 
Electrochemical Analyzer version 8.04.  
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Electrode configuration. In the calibration of the electrode array, each electrode was 
calibrated individually by connecting only one of the working electrodes at a time 
with respect to a gold pseudo reference upstream of the channel and gold auxiliary 
(counter electrode) downstream of the channel to prevent counter electrode’s reaction 
products complicating the analysis. Figure 4.1 shows the electrode configuration 
connected to the potentiostat.  
 
 
Figure 4.1: Electrode configuration for electrochemical calibration. 
 
The setup position of the reference, auxiliary and working electrodes remained 
the same for all calibration experiments. The applied flow rate ranged from 0 to 0.5 
ml min-1 for the unpacked device and 0 to 80 µl min-1 for packed device. 
 
An additional experimental setup used three commercial gold disc electrodes (Ø = 
2mm) (Cambria Scientific Ltd., UK) and a standard Ag|AgCl reference electrode to 
represent the electrochemical system of these flow columns in a standard 
electrochemical cell to examine the fundamental electrochemical properties of the 
electrochemical system within this home-made device. 
 
4.2.4 Chromatography 
 
Chemicals. Adrenaline (epinephrine, AD), 3-hydroxytyramine (dopamine, DA), 5-
hydroxyindole-3-acetic acid (5-HIAA), 3,4-dihydroxyphenylacetic acid (DOPAC) 
and 5-hydroxytryptamine (serotonin, 5-HT) were obtained from Sigma and used as 
received. All other chemicals used were obtained from VWR International, BDH 
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Prolabo and used as received and stored in fridge at all times. All standards were 
prepared in Class A volumetric glassware.  
 
Mobile phase. For the separation of the neurotransmitters, a mobile phase similar to 
Patel et al. was utilized.[86] The stock citric acid buffer was prepared as follows: 25 
mM sodium dihydrogenorthophosphate, 50 mM citrate acid, 10 mM of diethylamine, 
10 mM sodium chloride and 2 mM of decane-sulfonic acid sodium salt were made up 
to 1 L with deionised water and adjusted to pH 3.2 using concentrated sodium 
hydroxide. The mobile phase consisted of stock citric acid buffer (pH 3.2) mixed with 
UV- grade methanol (HiPerSolv for HPLC, BDH Prolabo). Five different 
compositions of mobile phase solutions were prepared in a ratio of 0: 100 (v/v); 2.5: 
97.5 (v/v); 5: 95 (v/v); 7.5: 92.5 (v/v) and 10:90 (v/v) methanol to stock citric acid 
buffer. All mobile phase solutions were filtered through a 0.20 µm membrane filter 
and degassed under vacuum after mixing. Samples were freshly prepared using the 
citric acid buffer and stored in the fridge. The flow rate of mobile phase was 80 µl 
min-1 for all experiments. Other than during the temperature assay experiment, the 
temperature of all columns was maintained to 25 ± 0.15 ˚C through out experiments.  
 
Detection. Electrochemical detection for the PET packed column and the commercial 
stainless steel column was assessed using the 6 mm post-column radial flow cell 
glassy carbon electrode controlled by Epsilon® LC amperometric detector. The 
operating potential for all chromatography experiments was set to +750 mV with 
respect to Ag|AgCl reference electrode and the detector sensitivity was maintained at 
50 nA full scale deflection [86]. Current-time curve was recorded once the injection 
of sample was done and data acquisition and analysis were handled by BAS 
ChromGraph® 2.34.00 software. 
 
Columns. The Luna® chromatography column and PET packed column were 
thoroughly cleaned by flowing deionised water for at least 30 minutes at 80 µl min-1 
before and after flowing through the mobile phase. Prior to experiments and for 
storage, these chromatography columns were pre-treated by continuous flowing of 
solvent with a ratio 75:  25 (v/v) of methanol to water at a constant flow rate for 30 
minutes to ensure longer life of the chromatography columns.  
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4.3 In-column electrochemical detection 
 
Electrochemical detection was carried out using the unpacked column and 
packed column where these columns served as a normal flow channel with microband 
electrode array aligned across the columns. Two major conditions were studied and 
discussed for both devices: the quiescent and flow conditions. Different flow rates and 
scan rates were investigated on the devices to calibrate each electrode within these 
columns. The potentiostat (CHI 1030) was connected via the leads adhered to the gold 
pads of the electrode array. The experimental setup can be found in Section 4.2.3. The 
main objective of this experiment is to understand the electrochemistry of these 
microband electrodes using a gold pseudo reference and the electrochemical detection 
of these electrodes inside the packed column which are blocked by the spherical 
packing materials. 
 
4.3.1 Quiescent condition 
 
Initially each gold working electrode was connected individually to the 
potentiostat starting from the upstream electrode to the last downstream electrode. 
Electrolyte and analyte were pumped continuously into these columns to allow the 
solutions to fill the columns. Longer pumping time (20 minutes) was required for 
packed column and a maximum of 5 minutes for the unpacked column. These 
columns were disconnected from the pump and allowed to rest on the bench for 1 
minute before starting the measurement. After each set of experiments, fresh analyte 
was pumped to replace the old solutions to maintain consistency of the solution 
concentration.  
 
Twenty five voltammograms of 1 mmol dm-3 K4 Fe(CN)6  in 1 M KCl for each 
device were obtained and evaluated to check the performance of all 25 electrodes 
across the channel.  
 
100% of the working electrodes of both devices were found to be working 
perfectly where signals of current range of 100 nA to 1.5 µA were detected from both 
devices at different scan rates. The reproducibility of these electrodes for the 
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unpacked and packed device with respect to the relative standard deviation of current 
was 4.68% and 8.02% respectively under stagnant condition.  
 
These electrodes were examined at different scan rates under quiescent 
solution and the average cyclic voltammograms for 25 electrodes at five different scan 
rates for both devices are showed in Figure 4.2. 
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Figure 4.2: Average cyclic voltammograms of 25 gold microband electrodes for 1 mmol dm-3 
Fe(CN)64- at 5 different scan rate (a) unpacked column (b) packed column. 
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The reversible peak potential width for the unpacked device was 62 ± 1 mV 
and for the packed device was 55 ± 2 mV. Peak width (|Ep-Ep/2|) and peak separations 
are not significantly different in the packed column. Ep remains independent of scan 
rate despite the presence of the particles. Therefore there is no evidence that the 
particles affect the kinetics of the electrode reaction.  
 
There is no significant shift of peak potential for all electrodes where the 
relative standard deviation of these 25 electrodes within the unpacked column is 
0.47% and 1.02 % for the packed device. The average oxidation peak (Epa) for 
Fe(CN)64- was +126 ± 0.6 mV for the unpacked device and +121 ± 1.2 mV for the 
packed device at all scan rates with respect to gold pseudo reference. Table 4. 1 shows 
the summary for the 25 cyclic voltammograms parameters of all inlaid electrodes for 
the unpacked and packed device.  
 
Table 4. 1: Summary of cyclic voltammetry parameters (average ± standard deviation) at scan 
rate 10 mV s-1 for unpacked and packed device for 1 mmol dm-3 Fe(CN)64- under quiescent 
conditions.  
 Unpacked device Packed device 
ipa 180 ± 8.4 nA 60 ± 4 nA 
ipc - 200 ± 60 nA - 60 ± 6 nA 
Epa 126 ± 0.6 mV 121 ± 1.2 mV 
Ep 61.8 ± 1.1 mV 54.7 ± 1.8 mV 
 
Overall electrode current of the unpacked device at all scan rates is larger than 
the packed device. However, at higher scan rates, the current difference is smaller as 
compared to the slow scan rate CVs because the Nernst layer thickness is small 
compared with the particles diameter.   As the presence of the particles does not affect 
the electrode kinetics, decrease in current (packed device) can therefore be attributed 
to a decrease in the diffusion coefficient due to excluded volume effects (numerical 
model shown in Figure 2.15(a) and (c)). The ratio of the peak currents (|ipa/ipc|) returns 
value near to unity for both cases indicating a reversible system. The oxidation peak 
potentials (Epa) was unaffected by the presence of the particles in the column. The 
slight difference of Epa of both devices can be due to the different surface condition of 
the gold pseudo reference electrodes of both devices to be different.  
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4.3.1.1 Effects from reference electrodes 
 
The standard electrode oxidation potential for ferrocyanide in aqueous solution 
[94] [142]with respect to a standard hydrogen reference electrode (SHE) is + 361 mV 
so that the electrode potential with respect to Ag|AgCl reference electrode would be 
approximately + 558 mV. However Figure 4.2 shows that the average oxidation 
potentials (Epa) for the unpacked and packed device for ferrocyanide with respect to 
gold pseudo reference electrode for five different scan rates are + 139 mV (range from 
126 mV to 150 mV) and +120 mV (range from 117 to 125 mV) respectively. 
 
Under the quiescent solution within the unpacked column, the experiments 
were repeated by comparing the effect of using the built-in gold pseudo reference 
electrode and a standard Ag|AgCl reference electrode. The standard Ag|AgCl 
reference electrode was inserted at the inlet replacing the built-in gold pseudo 
reference electrode of the device. The voltammograms of quiescent 1 mmol dm-3 
K4Fe(CN)6 solution within the unpacked column for both cases are showed in Figure 
4.3. 
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Figure 4.3: Voltammograms of quiescent solution of 1 mmol dm-3 K4 Fe(CN)6 in 1 M KCl versus 
to a build-in gold pseudo reference electrode and  a standard Ag|AgCl reference electrode. 
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These voltammograms show that by using gold pseudo reference electrode, the 
oxidation potentials of ferrocyanide have negatively shifted as compared to the 
standard Ag|AgCl reference electrode. Gold pseudo reference electrode has shown 
good reproducibility at all scan rates. However, to investigate the reproducible of the 
results whether or not electrolyte and material are inter-dependant, standard 
electrochemistry experiments were conducted. 
 
A standard electrochemical cell was prepared with commercial electrodes 
(Cambria Scientific Ltd., UK). Three round disc gold electrodes (Ø = 2 mm) were 
used to represent a three electrode system of the home built device where each acts as 
the pseudo reference, working and counter electrode respectively. Likewise, a 
standard Ag|AgCl reference electrode was utilized to replace one of the gold disc 
electrodes as the reference electrode completed with a gold disc working electrode 
and a gold disc counter electrode. Figure 4.4 shows the cyclic voltammograms of 
these two electrochemical systems using 1 mmol dm-3 ferrocyanide in 1 M KCl. 
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Figure 4.4: Cyclic voltammogram of 1 mmol dm-3 ferrocyanide in 1 M KCl using electrochemical 
system with (―) three gold disc electrodes and (…) two gold disc electrodes and a standard 
Ag|AgCl reference electrode. 
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 A similar trend of negative shift was observed on the gold pseudo reference 
electrode as compared to the standard Ag|AgCl reference electrode. The oxidation 
peak of ferrocyanide was observed at + 97 mV with respect to gold disc pseudo 
reference and + 450 mV with respect to Ag|AgCl standard reference electrode. The 
difference between these oxidation peaks (dE) is 360 mV. Therefore, the oxidation 
potential versus gold pseudo reference electrode was shifted – 360 mV from the 
oxidation potential versus the standard Ag|AgCl reference electrode. 
 
These two electrochemical systems were also used with 10 mmol dm-3 
hexaammineruthenium (III) chloride in 1 M KCl and all gold disc electrodes were 
cleaned and polished using the electrode surface treatment protocol in Section 4.2.2. 
Figure 4.5 shows the comparison of voltammograms of system with different 
reference electrodes.  
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Figure 4.5: Cyclic voltammogram of 10 mmol dm-3 hexaammine ruthenium (III) chloride in 1 M 
KCl using electrochemical system with (―) three gold disc electrodes and (…) two gold disc 
electrodes and a standard Ag|AgCl reference electrode. 
 
The standard reduction peak of Ru(NH3)63+ with respect to standard Ag|AgCl 
reference electrode was negatively shifted for the gold pseudo reference electrode. 
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The difference of the electrode potentials (dE) between the standard and the pseudo 
reference electrode is 418 mV.  
 
The same electrochemical systems were conducted with 1 mmol dm-3 
dopamine in citric acid buffer (Chemicals under Section 4.2.3). As dopamine is 
reversibly oxidised, we can use this reaction to test the stability of the pseudo 
reference electrode in different mobile phase or buffer. Figure 4.6 shows the cyclic 
voltammograms for 1 mmol dm-3 dopamine in citric acid buffer. 
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Figure 4.6: Cyclic voltammogram of 1 mmol dm-3 dopamine in citric acid buffer using 
electrochemical system with (―) three gold disc electrodes and (…) two gold disc electrodes and 
a standard Ag|AgCl reference electrode. [Ep = 61 mV and |ipa/ipc| is near unity for both cases.] 
 
The difference of the oxidation potentials (dE) between the standard and the 
pseudo reference electrode is 391 mV. The conclusion is that the shift of oxidation 
potential was consistent in different electrolyte.  
 
This shows that the negative shift of standard electrode potential is mainly 
caused by the gold pseudo reference electrode. Besides that, the gold pseudo reference 
electrode has showed good reproducibility and stability in different background 
solutions. Although the dE for different cases was not always the same, the potential 
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shifting trend is always more negative to the standard electrode potentials (versus 
Ag|AgCl reference electrode). The electrode potentials for different analytes with 
respect to gold pseudo reference can be estimated to be negatively shifted about – 350 
to – 400 mV from the electrode potentials versus to standard Ag|AgCl reference 
electrode.  
 
4.3.2 Flow condition 
 
In this section, flow was applied continuously to both unpacked and packed column. 
Voltammetry was used to understand the effect on the current caused by the flow 
velocity applied to both columns. Figure 4.7 shows the voltammograms for both 
columns under different flow rates (due to existence of the particles in the column, the 
highest flow rate applied to the packed column is 80 µl min-1 which yield an average 
back pressure of 60 bars).  
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(b) 
Figure 4.7: Average voltammograms of 25 gold microband electrodes at scan rate 10 mV s-1 for 1 
mmol dm-3 Fe(CN)64- at different applied flow velocity for (a) unpacked and (b) packed column. 
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In flow solutions, the electrode current for both devices increase with applied flow 
rates. In addition, from the voltammograms, electrode in packed column has shown 
interesting results under flow conditions where the electrode currents are higher in 
overall than the electrode of the unpacked column. Figure 4.8 summarizes the 
electrode currents versus the cubic root of the applied flow rate according to the 
Levich limiting current equation (2.6) in Section 2.2.2.  
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Figure 4.8: Average in-column current versus cubic root flow rate for unpacked and packed 
device. No flow results for both devices are also indicated. 
 
The grey region in Figure 4.8 estimates the transition region of the electrodes from 
diffusion dominated mass transport at low flow to convection dominated mass 
transport. In quiescent condition, the reaction rate on the electrode surface depends 
only on diffusion of the analyte. The presence of the packing materials hinders the 
diffusion. At high flows, convection dominates the mass transport to the surface of the 
electrode and the presence of the packing materials has further enhanced the flow and 
mixing rate of the analyte in the column.  This phenomenon was also predicted in the 
simulated result where the presence of the spherical particles has decreased the total 
volume fraction and therefore increased the internal flow velocity (Figure 2.16). A 
linear relation between the current and average velocity was observed for the 
unpacked and packed column which shows good agreement with the simulation 
models and Levich equation (2.6) where i is proportional to V1/3. According to Figure 
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4.8, these spherical packing materials have caused about 7 times improvement of 
electrode current as compared to the unpacked column at constant flow rate.  
 
The higher electrode current of the packed column in flow condition was 
mainly caused by higher mass transport (convection) and mixing rate on the electrode 
surface as compared with the open channel. This phenomenon has also been proved in 
numerical models (Section 2.2.3). However, other possibilities could have also 
attributed to these results such as differences in electrode surface which now is to be 
analysed and discussed. 
 
4.3.3 Surface area study 
 
Estimation of the surface area of an electrode is rarely straightforward - even 
the definition is not straightforward since the length scales over which the area is 
measured affects the results. Geometric area from, for example micrographs or SEM 
images usually underestimates the area since surface roughness cannot easily be 
obtained from such images. Area calculations based on measurement of the diffusion 
limited current will give different answers depending on whether steady state or 
transient techniques are applied. Surface roughness will only contribute to the current 
if it is large compared with the diffusional length scale, (Dt)1/2. Furthermore blocking 
features, such as patches or contamination will only lead to decrease of the current at 
short times, providing the remaining conducting features are adequately separated - 
the current at the edges increases the effective current density. A further complication 
with transient methods is that capacitive charging of the double layer and the cables 
and instrumentation will provide a potential source of determinate error.  
 
Measurements of electrode capacitance give estimates of area with resolution 
of the order of the Debye length. However, they are rarely reliable for precise absolute 
measurements since capacitance depends on potential and on the identity of the ions. 
This is however a reasonable method for characterizing changes in electrode area. The 
most accurate method is measuring the metal-hydride peak areas but this is only 
applicable for platinum electrodes.  
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These difficulties notwithstanding, the availability of active electrode surface 
between the unpacked and packed column remains an important issue. Cyclic 
voltammetry and amperometry were used to further understand the differences of the 
electrode surface caused by the presence of these spherical packing materials. 
Estimating the conducting surface area is however challenging as gold does not show 
the metal-hydride peak which can be used to estimate the surface area of platinum 
electrodes. Furthermore, we would expect capacitance to be affected by double layers 
associated with the silica spheres, rendering this method also unsuitable for estimating 
the gold surface area. 
 
Bard [94] suggests using the integrated Cottrell equation: 
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where F is the Faraday’s constant, A is the surface area of the electrode (cm2), DO  is 
the diffusion coefficient (cm2.s-1), CO*  is the bulk concentration (mol.cm-3) of species 
O; and t is the time integrated under steady state current; we can do an estimation of 
active electrode surface of the inlaid electrode within the packed and unpacked 
column. 
 
The amperometry experiment was conducted by applying a fixed potential of 
+ 500 mV (this high potential was set to ensure complete oxidation of analyte) to the 
working electrode in both devices. Both columns were filled with 1 mmol dm-3 
Fe(CN)64- under stagnant conditions. As shown in Figure 4.9, charge (Q) rises with 
time, as a linear plot of accumulative charge versus t1/2 to allow estimation of 
electrode surface area.  
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Figure 4.9: Charge versus t1/2 for1 mmol dm-3 ferrocyanide solution for inlaid band electrode 
within packed and unpacked column under quiescent solution. 
 
 By substituting Qd obtained from the graph and all known parameters into 
equation (4.1) (the diffusion coefficient was assumed to have no change at transient, 
Do = 0.63 × 10-9 m2 s-1; Co = 1 mol m-3 and n = 1). The estimated active surface area 
of the electrode within the unpacked and packed column is 0.24 mm2 and 0.22 mm2. 
Both estimated values from the experiments are very near to the calculated theoretical 
value from the design geometry which is 0.25 mm2. The differences of estimated and 
calculated value can be due to change of experimental condition such as temperature 
and also variations of fabricated column width (as the column width determines the 
size of the electrode surface). Measurements were taken out on the column width and 
the average was 1.01 ± 0.04 mm from 10 measurements distributed across the 
column.  
 
 However, we would expect the best fit lines to diverge with increasing time. 
The excluded volume has an increasing affect as the Nernst layer grows out from the 
electrode which must cause the local absolute diffusion coefficient to change due to 
the present of the particles (Section 2.2.2 and Section 4.3.4). Therefore, the fast-scan 
cyclic voltammograms (CVs) recorded during the electrode cleaning process in 
sulphuric acid (Section 4.2.2) were analysed for both devices. The reduction of the 
gold oxide peak for the electrode from the unpacked and packed device can be used to 
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study the change of the size of the conducting surface area. Figure 4.10 shows the 
CVs of both electrodes under the unpacked and packed device. 
 
 
Figure 4.10: Cyclic voltammograms for the electrode cleaning using sulphuric acid. 
 
The area of the gold oxide peak scales with the area of the electrode surface. Figure 
4.11 shows the oxide peaks for both electrodes under the unpacked and packed 
device. Eight electrodes from each device were measured and the averages of the 
oxide reduction peak area were calculated.  
 133 
 
Figure 4.11: Area of the graph indicates the surface area of the electrode. 
Integration of the peaks show average values ± standard deviations of (2.00 ± 0.28) × 
10-5 and (1.82 ± 0.17) × 10-5 A·V (n = 8) for the electrode under the unpacked and 
packed column respectively. Student’s t-test shows no significant difference between 
the means at 99% confidence (two-tailed p-value = 0.1207). 
   
 The above amperometry (Cottrell equation) and voltammetry (oxide peak) 
estimations in quiescent solutions show there are no significant differences of active 
electrode surface area between the unpacked and packed column. The electrode 
surface area available to the solution, as shown from the Au(III) reduction peak was 
unchanged by the presence of the particles. This shows that the presence of the 
particles in the column does not hinder the electrode surface. The expected divergence 
of the best fit lines in Figure 4.9 (Cottrell’s equation) as time increases were due to the 
effect of the excluded volume on the local diffusion coefficient. 
 
In addition, a further analysis was done on the steady state hydrodynamic 
voltammograms under a diffusion limited condition. According to Figure 4.8, by 
applying flow to the columns, electrodes in packed column show larger signals 
despite the estimations of the active electrode surface for both devices. Therefore, the 
hydrodynamic voltammograms from Figure 4.7 were studied by normalizing the 
current (i) of each flow rate with its maximum diffusion-limited current (id). The ratio 
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of i/id shows current reaction trends of both electrodes. The normalized hydrodynamic 
voltammograms were plotted in Figure 4.12. 
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(c) 
Figure 4.12: Hydrodynamic voltammograms normalized to its diffusion-limited current (id) for 
(a) unpacked (b) packed column. (c) The comparison of hydrodynamic voltammogram for both 
devices at 40 µl min-1 flow rate.  
 
Figure 4.12(c) shows opposing information regarding the surface area study using 
quasi-steady state voltammograms when flow was applied in the column. The half 
peak potential (Ep/2) of the electrode in the unpacked column is slightly positive than 
the one in packed column, which means that the electrode in the unpacked column is 
smaller in this case. However, in this case, the surface area was not the major 
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contribution but the existence of flow or convection within the column. The spherical 
packing materials within the column have further enhanced the internal flow 
velocities in the interstices and also increased mixing, due to tortuosity leads to 
smaller mass transport boundary layers.  
 
Therefore, with applied flow velocity to the column, the surface of the 
electrodes within a packed column will not be hindered by the packing materials. 
Moreover, by applying flow in the column, the presence of the packing materials have 
improved the mass transport and leads to higher sensitivity of electrode signalling. 
 
4.3.4 Electrochemistry for column packing monitoring 
 
Electrochemistry offers an alternative way of monitoring column packing 
efficiency by using these in-column electrodes. The average of 25 voltammograms of 
1 mmol dm-3 Fe(CN)64- at slow scan rate 10 mV s-1 under quiescent solution of each 
unpacked and packed column are showed in Figure 4.13.  
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Figure 4.13: Average cyclic voltammograms for Fe(CN)64- within unpack and pack column under 
quiescent solution at scan rate 10 mV s-1. 
 
The slow scan rate voltammogram (10 mV s-1) was used for this analysis 
because at high scan rates, the Mackie and Meares approach breaks down as the 
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particles in this experiment are larger compared to polymers used by Mackie and 
Meares as can be seen in Figure 4.2. At slow scan rates, the Nernst layer becomes 
larger compared to the particles diameters, so the Mackie and Meares approach 
becomes more reasonable. 
 
The peak potential widths (~60 mv for a reversible process) and oxidation 
potentials are unaffected by the packing materials, implying no change in the 
electrode kinetics (Section 4.3.1). The peak current however is diminished by 86%. 
The decrease of the electrode current for the packed column compared with unpacked 
column shows the change of the local absolute diffusion coefficient caused by the 
spherical packing materials on the surface. Since, from the Randles-Sevčik equation 
and the Mackie and Meares’ approach (2.5), the peak current scales with D1/2 
therefore these experimental results can be used to calculate the excluded volume 
fraction. The calculation shows a decrease in peak current implies an effective volume 
fraction of 0.75 in the packed column (Section 2.2.2).   
 
Since we can record the peak current along the length of the column, 
longitudinal variation in packing density can be calculated by using the Mackie and 
Meares’ approaches (2.5). This is a unique feature of whole column electrochemical 
detection for monitoring the column packing efficiency. Figure 4.14 shows the 
volume fraction in 25 sequential segments. Mean volume fraction is 0.71 ± 0.04 
(Mean ± St.Dev.). 
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Figure 4.14: Volume fraction along the column using standard redox couple Fe(CN)64-. 
 
Since linear regression of the data gives a straight line with slope not 
significantly different from zero (slope = 0.002 ± 0.004 (95% CL)). There is no 
overall trend in the variation in column packing along its length. This average volume 
fraction for the column packing is 0.71 which is very near to the hexagonal closed-
packed which can achieve up to 0.74 packing density. Therefore, the overall packing 
of the column is even. This showed a great improvement of the ability to understand 
the column packing efficiency by using an in-column electrode array. 
 
 
4.4 Chromatography 
 
After demonstrating the feasibility of in-column electrochemical detections 
within a packed column using inlaid electrode array, the home-made PET column 
(HypersilTM ODS 5 µm 50 mm × 1.0 mm × 1.0 mm) was assessed for its separation 
performance. A commercial stainless steel chromatography Luna® column (LUNA® 
ODS 5 µm 50 mm × 1.0 mm i.d. analytical column by Phenomenex®) that has similar 
features with the PET column was chosen as a benchmark for the home-made plastic 
chromatography device. The experiment setup for chemicals and mobile phase 
preparation for chromatography are mentioned in Section 4.2.4 and all other 
instrumentation setup can be found in Section 4.2.1. 
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4.4.1 Separation of monoamine neurotransmitters and metabolites 
 
A standard mixture of five 2 µM neurotransmitters and metabolites (AD, DOPAC, 5-
HIAA, DA and 5-HT) were prepared in the mobile phase (2.5: 97.5 (v/v) methanol to 
citric buffer with 2mM decane-sulfonic acid). 1 µl of this mixture was injected to the 
column by using the HPLC autosampler. The post-column detector detected the 
separations of the analytes and Figure 4.15 shows the chromatograms of the eluted 
analytes of the two different columns mentioned ealier. 
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Figure 4.15: Chromatograms of standard mixture at 80 ul min-1 using Luna® ODS column and 
PET HypersilTM ODS column using mobile phase 2.5% methanol, 97.5% citric buffer at 25 ˚C. 
Solutes: (1) DOPAC; (2) 5-HIAA; (3) adrenaline, AD; (4) dopamine,DA and (5) serotonin, 5-HT. 
 
Overall, the PET column managed to separate these analytes and showed more 
retention for all analytes compared with the commercial column. However the 
performance of the PET column is obviously poorer than the commercial Luna® 
column. Band broadening was obvious for the last eluted analyte, serotonin (5-HT). 
Table 4.2 summarized the separations parameters of these two columns.  
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Table 4.2: Separation parameters for Luna® column and PET HypersilTM column at 80 ul min-1 
in mobile phase 2.5% methanol, 97.5% citric buffer at 25 ˚C. 
Column Component Separation parameters 
Separation factor Tailing factor Resolution Plate number 
Luna®  DOPAC  1.1  274 
ODS column 5-HIAA 1.74 1.09 1.56 256 
 AD 1.54 1.11 1.72 617 
 DA 3.53 1.30 10.93 3103 
  5-HT 2.8 1.78 14.24 4197 
PET DOPAC  0.92  133.94 
ODS column 5-HIAA 1.62 1.32 1.03 139.46 
 AD 1.66 1.2 1.43 250.12 
 DA 3.55 1.15 4.04 236.37 
  5-HT 2.74 1.78 3.01 159.38 
 
From the results summarised in Table 4.2, the PET column packing shows 
poor efficiency in comparison to the commercial column as the plate number (N) 
decreased for each component. The lower efficiency is due to the difficulty in finding 
a more effective packing method of the column. A suction technique was used for 
packing the PET device which did not induce high back pressure to the column 
causing low column performance. The resolutions of all components were better on 
the commercial column with baseline separation observed in comparison to the PET 
column and good separation was observed (Rs > 1.5). The tailing factor (tf) for the 
PET column and the conventional column were small and showed no difference in 
both columns. This was due to the heterogeneity of the column packing, but there 
were several contributions to the asymmetric factor [143].  
 
However, differences in the stationary phase might have affected the overall 
column performance. The ODS properties vary from one supplier to another for 
instance, by variations in end capping.  Therefore, some of the observed difference 
behaviour of the home-made column and LUNA may be attributed to this case. 
 
The conclusion is, that improvement in packing procedures has to be 
developed. Despite the fact that the fraction volume studies shows the particles are 
massively packed within the column (φ is close to the hexagonal close packed, 0.74). 
However, voids formation far from the electrode surface due to low pressure packing 
can have caused low column performance and band broadening. Other than that, band 
broadening can always happen when the solutes eluted from the column and 
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transporting to the post-column detector. Dead volume and dispersion at the 90 ˚ turn 
of the outlet could have caused vital band broadening problem of the eluted analytes 
too. Post-column detection therefore did not favour the home-made device 
comparison of in-column electrochemical detections would be more instructive.  
 
4.4.2 Temperature and mobile phase composition assay.  
 
A temperature and mobile phase composition assay was taken out to examine 
the ability of the home packed plastic column to work under different temperatures 
and also with different composition of mobile phase. Figure 4.16 shows the results 
from the chromatographic analysis for the separation of the same five analytes in 
different isocratic mode of mobile phase (Section 4.2.4) where the percentage of 
organic phase and temperature (25 – 45 ˚C) affects the retention factor of the analytes.  
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(b) 
Figure 4.16: Retention time plot for temperature and mobile phase composition assay for (a) 
commercial Luna® column (b) home-made PET column. 
 
An increased organic solvent fraction in the mobile phase and an increased 
column temperature successfully reduced the total elution time of five analytes for 
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both columns. However, increased organic solvent and temperature caused a weak 
peak resolution in both columns. PET column has shown the same trend of 
chromatograms compared with the stainless steel Luna® column. At 45 ˚C, both 
columns with methanol composition higher than 7.5 % in the mobile phase have 
failed to separate the first two analytes (DOPAC and 5-HIAA). PET column shows 
poor separations of the first three eluted analytes (DOPAC, 5-HIAA and AD) when 
methanol composition is higher than 5 % in the mobile phase, however, PET column 
shows better separation resolutions of DA and 5-HT in higher composition of 
methanol in the mobile phase. Overall, PET column shows appropriate reactions to 
the change of parameters which shows good heat distribution along the column and 
inert to high concentration of organic solvent. For all cases, PET column shows more 
retention of all analytes as compared to Luna® column. 
 
 
4.5 Summary 
 
In-column electrode array has showed the ability to perform electrochemical 
detection on analytes under stagnant and flow conditions. No significant change of 
electrode kinetics was observed that was caused by the packing materials within the 
column. The electrode potentials versus to gold pseudo reference electrode were 
consistent and reproducible. A consistent negative shift of standard electrode potential 
with respect to standard Ag|AgCl reference electrode was observed in different case 
study.  
 
In-column electrochemical detections under quiescent solution are able to 
provide information such as column packing efficiency and an estimation of surface 
area. In flow condition, in-column electrochemical detection has showed great 
performance under packed column as compared to unpacked column where these 
“blocked” electrodes showed better current sensitivity at the lower applied flow rate 
as compared to the “unblocked” electrodes. This has made electrochemistry a more 
interesting method for in column detection. 
 
The on column packing efficiency of the home packed column was sufficient 
for separating 5 analytes from its mixture and was responding to the changes of 
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temperature and mobile phase. However, the PET column has poor performance as 
compared to the commercial column even though it has overall higher retention time. 
Low column performance can be due to many matters mentioned before. 
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Chapter 5  
Multiple in-column electrochemical 
detection for liquid chromatography 
 
 
5.1 Introduction 
 
This chapter describes the liquid chromatography experiments done using the 
home-made PET chromatography column integrated with an array of in-column 
electrochemical detectors (ICEDs) for separation monitoring and comparison with the 
conventional post-column detection. Real time monitoring of both isocratic and 
gradient elution was undertaken. The separation of 5 analytes was recorded using the 
inlaid electrode array along the separation column. These ICEDs show the ability to 
detect small sample amounts of low concentration analytes migrating along the 
column and enable online tracking of the separation progress. In addition, alternative 
whole column chromatography analysis was introduced. Whole column analysis 
offered great understanding of chromatography and column performance throughout 
the separation process which made the identification process of the best ‘fit-to-
purpose’ data easier.   
 
 
5.2 Experimental setup 
 
5.2.1 Instrumentation  
 
The instrumentation setup for all experiments in this chapter consists of three 
parts: (i) HPLC system: Agilent HP1050 pump and autosampler; (ii) column: a PET 
home made LC column with HypersilTM ODS 5 µm and dimension 50 mm × 1.0 mm 
× 1.0 mm (L×W×H) with 25 in-column gold (Au) microband electrode array (1 mm × 
250 µm) embedded within one wall of the PET column and (iii) detections: two 
different voltage-current control units for the electrochemical detection were used,  
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a) 8-channel CHI 1030 potentiostat (CHI instruments, Inc) was used with the in-
column detectors of the PET device. Two of the same units of CHI 1030 
potentiostats were used for 16-channel detections with each have to be 
connected to a different computer.  
 
b) Epsilon® LC amperometric detector was used with an post-column detector, a 
6 mm radial unijet flow cell glassy carbon electrode (Bioanalytical systems, 
West Lafayette, IN, USA). This system shared the same computer with one 
unit of CHI 1030 potentiostat. 
 
As both in-column and post-column detections were carried out at the same time for 
all experiments, the instrument setup for experiments in this chapter is shown in 
Figure 5.1. 
 
Figure 5.1: Instrument setup for in-column and post-column detection using home-made PET 
column. Detectors and control units are indicated in red boxes.  
 
The whole system operates according to the flow arrow in Figure 5.1 where the 
sequence is indicated with number. Firstly, the HPLC pump continuously pumped the 
mobile phase from the designated reservoirs to the whole system. Secondly, the 
injector loaded the desired samples from the autosampler and injected it on the 
column. Thirdly, samples were sent to the PET column for separation and in-column 
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electrochemical detections. Subsequently, the separated solutes eluted from the 
column was continuously sent to the unijet flow-cell glassy carbon electrode and 
Epsilon® LC for post-column detection and finally to waste. A computer was used to 
run the software for data acquisition and control of the in-column detectors (CHI 1030 
potentiostat) and the post-column detector (Epsilon® LC).  
 
5.2.2 Chemicals 
 
Adrenaline (epinephrine, AD), 3-hydroxytyramine (dopamine, DA), 5-hydroxyindole-
3-acetic acid (5-HIAA), 3,4-dihydroxyphenylacetic acid (DOPAC) and 5-
hydroxytryptamine (serotonin, 5-HT) were obtained from Sigma and used as received. 
All other chemicals used were obtained from VWR International, BDH Prolabo and 
used as received and stored in the fridge at all times. All standards were prepared in 
Class A volumetric glassware. Samples were prepared daily using the mobile phase 
and stored in the fridge. 
 
5.2.3 Mobile phase  
 
Similar mobile phase compositions to Section 4.2.4 was used in the 
experiments. Stock citric acid buffer was prepared comprising of: 25 mM sodium 
dihydrogenorthophosphate, 50 mM citrate acid, 10 mM of diethylamine, 10 mM 
sodium chloride and 4 mM of decane-sulfonic acid sodium salt with deionised, water 
and adjusted to pH 3.2 using concentrated sodium hydroxide. The mobile phase 
consisted of stock citric acid buffer (pH 3.2) mixed with UV- grade methanol 
(HiPerSolv for HPLC, BDH Prolabo). Four different compositions of mobile phase 
solutions (500 ml each) were prepared in a ratio of 2.5: 97.5 (v/v); 5: 95 (v/v); 7.5: 
92.5 (v/v) and 10:90 (v/v), methanol to stock citric acid buffer. All mobile phase 
solutions were filtered through a 0.20 µm membrane filter and degassed under 
vacuum after mixing before use.  
 
 For isocratic mode separation, four compositions of mobile phase solutions 
were assessed as prepared individually. The flow rate of mobile phase was 80 µl min-1 
for all experiments. 
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 For gradient elution, two compositions of mobile phase solutions were used: 
Mobile phase A, 2.5: 97.5 (v/v) and Mobile phase B, 10: 90 (v/v), methanol: citric 
acid buffer. The gradient mode mobile phase was programmed to have 100 % Mobile 
phase A flowing through the column at the beginning of the experiment. After 5 min, 
the mobile phase was linearly switched from Mobile phase A to Mobile phase B over 
10 minutes. 100 % Mobile phase B was continuously flowed for 30 min. From 
minute-45, the mobile phase was switched back to 100 % Mobile phase A from 
Mobile phase B over two minutes. The flow rate for both mobile phase solutions was 
at 80 µl min-1. 
 
5.2.4 Electrochemical detections 
 
In-column electrochemical detection was controlled using the 8-channel CHI 
1030 potentiostat. The in-column working electrodes were all set at + 750 mV with 
respect to gold pseudo reference electrode and gold auxiliary. The sensitivity was set 
to 10 nA full scale deflection and the data collection was displayed by CHI version 
8.04 software. Please note that for 16-channel electrochemical detections, two units of 
8-channel CHI 1030 potentiostats were used and the all parameters for both units were 
mentioned.  
 
The post-column detection was carried out by using the Epsilon® LC 
amperometric detector (Bioanalytical systems, West Lafayette, IN, USA) as the 
voltage control and data acquisition unit. A 6 mm radial flow-cell glassy carbon 
electrode served as working electrode and was set at a potential of +750 mV versus 
Ag|AgCl reference electrode and a stainless steel block served as the auxiliary 
electrode. The sensitivity of the detector was maintained at 500 nA full scale 
deflection. Control and data collection were handled through BAS ChromGraphTM 
software. 
 
5.2.5 Electrode configurations 
 
One advantage of having multiple electrodes aligned across the column is to have 
flexibility and selectivity of determining the detection points along column. Paired 
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electrodes were used for in-column detection. Systems with 16 and 8 working 
electrode configurations were set up as shown in Figure 5.2.   
 
 
(a) 
 
(b) 
Figure 5.2: Electrode configuration using the paired electrode concept along the separation 
column  (a) 16 channel of working electrodes (b) 8 channel of working electrodes; where R = 
Reference electrode; E = Working electrode and C = counter electrode. 
 
 The paired electrode concept is to always have an auxiliary or counter 
electrode (C) adjacent to a working electrode (E). All counter electrodes were 
connected together to create a larger surface of the counter electrode. This 
arrangement is to help reducing the possibility of cross-talk caused by previously 
reacted species affecting the next working electrodes. The reference electrode (R) was 
located upstream near the inlet of the column and pairs of working and counter 
electrode were assigned across the column.  
 
 
5.3 LC separation monitoring using multi in-column detectors 
 
A 16-channel electrode configuration was set up to observe the separation 
process. Isocratic mobile phase using composition of 5 % methanol and 95% citric 
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acid was prepared and two potentiostats were set up as mentioned in Section 5.2.4 and 
the electrode configuration was according to Figure 5.2(a).  
 
A mixture of five analytes (each at 5 µM) (Section 5.2.2) was prepared in the 
same mobile phase. 1 µl of this sample was injected into the column via the 
autosampler. Figure 5.3 shows the full traces of the separation process at each 
electrode location which indicated as the distance of the electrodes from the inlet of 
the column.  
 
Each of the 16 channels was able to follow the process of the separation 
clearly. This shows that all working electrodes managed to electrochemically react as 
the 1 µl sample moved down the column. From Figure 5.3, serotonin (5-HT) was 
observed to be separated at the first electrode (E1) followed by dopamine which was 
separated from the larger peak at E4. However, good separation (Rs > 1) of the 
metabolites (5-HIAA and DOPAC) and adrenaline was only observed at E12 in this 
mobile phase. 
 
From these in-column detection results, the separation of the first 3 peaks was 
slower as compared to dopamine and serotonin. DOPAC, 5-HIAA and adrenaline 
show less retention on the stationary phase in the column and therefore, need a longer 
column to achieve this separation. Whilst serotonin and dopamine were retained 
longer in the stationary phase, these two solutes were separated faster but took longer 
time to be eluted from the column and simply increasing the length of the column is 
not practical. Therefore, another alternative to obtain good separation for the first 3 
peaks is to reduce the methanol fraction in the mobile phase.  
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Figure 5.3: Separation progress of 5 analytes monitoring by 16 ICEDs (electrode distance from 
olumn inlet) in an isocratic mobile phase, 5:95 (v/v) MeOH: citric buffer at 80 µl/min flow rate. 
Solutes: (1) DOPAC, (2) 5-HIAA, (3) Adrenaline, AD (4) Dopamine, DA (5) Serotonin, 5-HT. 
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These results show that, more detection points can be assigned provided there 
are available measurement instruments to control and acquire data from the detectors. 
However, this 16 electrodes system shows the possibility of having detection points in 
approximately every 3 mm along the separation column.  
 
5.3.1 Isocratic mode assay and separation analysis 
 
As 16 in-column electrodes system required the use of two potentiostats and 
two computers for the control and data acquisition, this is not practical. Due to the 
limitation of control and measurement instrument, an eight in-column electrode 
system was generally used in experiments by following the electrode configuration 
shown in Figure 5.2(b). Besides that, the composition of methanol was reduced to 2.5 
% to allow longer retention for all analytes in order to obtain better retention time (tR) 
and resolution (Rs) for the first three analytes. 
 
Figure 5.4: Full traces of eight in-column detectors located along the separation column, showing 
the separation process of 5 analytes in isocratic mobile phase, 2.5 % : 97.5 % (v/v) MeOH: citric 
buffer at 80 µl min-1 flow rate. Sequence eluted of solutes is the same as in Figure 5.3. 
 
The first electrode was 9.5 mm away from the inlet of the column. All working 
electrodes are 4.8 mm apart and each was paired with an auxiliary electrode in this 
 152 
configuration. The first trace of chromatogram observed at electrode 1 (E1) shows 
that serotonin and dopamine have separated whereas the first three analytes (DOPAC, 
5-HIAA and AD) were not separated. The large peak (a combination of the three non-
separated analytes) observed at E1 had begun to resolve at the second in-column 
electrode (E2, 14.3 mm from the column inlet) and the separation was further 
enhanced through the column. Figure 5.5 shows the retention time for the in-column 
electrodes and post-column electrode for all five analytes. 
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Figure 5.5: Retention time plots for five analytes detected by eight in-column detectors and an 
post-column detector. 
  
 From Figure 5.5, the last eluted serotonin takes up to 102 min to reach the 
post-column electrode and 86.1 min at the last in-column electrode. However, by 
having these in-column electrodes, the separation and analysis can be halted once the 
‘fit-to-purpose’ results were observed. From the chromatograms shown in Figure 5.4, 
good separation (Rs > 1) of five analytes can be easily observed at E5 (28.7 mm from 
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column inlet) and the whole separation at E5 was completed less than 60 min (Figure 
5.5 dotted line). Besides that, the separation resolution of all adjoining peaks can be 
evaluated throughout the whole column to provide a better overview of the separation 
progress of all analytes. Figure 5.6  shows the resolutions of five peaks at all 
electrodes along the column and dotted line (Rs ≥ 1.5) indicated baseline separation 
between two adjacent peaks. 
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Figure 5.6: Separation resolution analysis of five analytes for eight in-column detectors and post-
column detector. [Dotted line: Rs ≥ 1.5 indicates baseline separation.] 
 
The separation resolution of DOPAC, 5-HIAA and AD was generally low. At the first 
electrode, peak resolutions for these three analytes are zero indicating these analytes 
were not separated at the location of the first electrode. However, separations between 
these three analytes improved as the analytes travelled further down the column. At 
E5 (28.7 mm from column inlet), good separation (Rs > 1) was obtained with all peaks 
baseline separated (Rs > 1.5) except peak 5-HIAA and adrenaline (Rs = 1.2). 
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Dopamine and serotonin were baseline separated since the first in-column electrode 
and have better resolutions through the separation column. The estimated trend line 
for adjoining peak resolution from these in-column and the post-column 
chromatograms show that Rs values were decreased at the post-column detection. This 
may be due to band broadening during the transportation of the eluted solutes from 
column to the detector. At the last in-column electrode (43.1 mm from the column 
inlet) all peaks have baseline separations as resolutions of peaks, Rs are at least 1.5. 
However, peak resolutions from the post-column chromatogram are lower for all 
peaks. Therefore, the best separation for these five analytes was obtained at the last 
in-column electrode (E8) yet good separation (Rs >1) has been noticed since E5.  
 
Another column performance analysis on the average plate height (H) for all 
analytes up to the column length of the electrode is shown in Figure 5.7. Plate height 
shows the column efficiency along the column compared with the post-column. The 
more efficient the column shows less band spreading in the column. 
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Figure 5.7: Plate height analysis for in-column detections and post-column detection. [Note: 
DOPAC, 5-HIAA and AD, the plot started from E2, as no separation was observed for these 
three analytes at E1. DOPAC on post-column detector is severely affected by band spreading for 
being the first eluted from the column.] 
 
Figure 5.7 shows the average plate height for five separated analytes from the inlet of 
the column until each in-column electrode. The post column electrode has the total 
column length (50mm). Results from the post-column electrode show poor plate 
height for all analytes compared to the average in-column electrode. This shows that 
the separation efficiency decreased after elution which most probably was due to the 
dead volume between the end of column to the post column detector (the approximate 
dead end volume from the column to the post-column detector is 14.89 µl).  
 
Plate height is governed by two parameters, the retention time (tR) and peak 
width (w) (equation (1.8) and (1.9)). The in-column plate height provides local 
information about the local column packing efficiency. However, each analytes can 
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have a different affinity for the column and mobile phase. For a single case study, 5-
HT (the most retained analyte which was separated at the very beginning of the 
column) was investigated. In the middle of the column at E5 (28.7 mm from the inlet), 
plate heights of 5-HT were slightly increased. Throughout the separation, 5-HT has a 
linearly increasing retention time (Figure 5.5). The peak width of 5-HT was increased 
at E5, presumably because of increased eddy diffusion caused by voids in the column 
near E5. However, the average in-column plate heights throughout the column for all 
analytes are acceptable ranging from 0.03 to 0.20 mm.  
  
 As we managed to obtain average plate heights for different length of 
the column, the change of plate number and plate height between electrodes can be 
estimated. The analysis was done by breaking down the whole column to eight 
segments between the electrodes across the column. The first segment is from the 
inlet to the first electrode (E1) and the following segments are the distance between 
the adjacent electrodes. Figure 5.8 shows the plot of plate height changes (δHx) at 
each segment of the column where each segment between electrodes and the details of 
the calculation can be found in Table B.1 (Appendix B). 
 
 The changes of plate height at each segment along the column indicate the 
packing efficiency at each segment. Column packing at Segments 5 and 6 (between 
E4 to E5 and E5 to E6) were poor where increased of plate heights were observed 
with DA and 5-HT. Slight increase of plate heights at Segment 6 were noticed with 
DOPAC, 5-HIAA and AD as these three analytes have less affinity with the column 
compared with DA and 5-HT. As a results, DA and 5-HT show greater changes of 
plate heights. But overall, the trend of the plate height changes show the same trend 
consistent with poor packing between segment 5 and 6 causing an increase in the A 
term (multiple paths) of the Van Deemter equation.   
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Figure 5.8: Change of plate height between electrodes along the separation column. Segment of 
column is equivalent to the distance between two adjacent electrodes. [Note: Analysis started 
after E2 for DOPAC, 5-HIAA and AD as no separation was observed at E1. Details are attached 
in Table B.1] 
 
In the peak resolution and plate height analysis, in-column detectors manage 
to show the whole column performance without the separation peaks being affected 
by dead volume after elution. Using in-column detection allows local estimation of 
plate height and resolution. Once a reasonable resolution is obtained for all analytes, 
analysis is complete without needing to wait until the next in-column or post-column 
detector. Besides that, in-column plate height analysis can be another column packing 
efficiency monitoring tool via this chromatographic method just like the 
electrochemical method mentioned in Chapter 4 (Section 4.3.4).  
 
 A series of different compositions of isocratic mobile phases were used to 
monitor the trend of the separation progress due to the change of organic phase in the 
mobile phase. The retention time of each analyte along the column and at the post-
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column detector at different concentrations of methanol in the mobile phase are 
shown in Figure 5.9.  
 
Figure 5.9: Retention time for the separation of five analytes across the column for 4 different 
compositions of mobile phase with ratio (2.5 : 97.5, 5 : 95, 7.5 : 92.5, and 10 : 90) (v/v) MeOH : 
citric buffer. 
 
From Figure 5.9, the retention time for serotonin and dopamine were greatly 
decreased when the composition of methanol increased in the mobile phase. This 
greatly minimizes the total separation time for the whole separation process. The 
separation progress for DOPAC, 5-HIAA and adrenaline is however not significantly 
improved by increasing the organic fraction of the mobile phase and actually the 
addition of methanol in the mobile phase caused low resolutions for these three 
analytes.  Figure 5.10 shows the details of the comparison of peak resolution between 
these five analytes at different composition of mobile phases to learn the optimum 
composition of the mobile phase for the separation of each analytes.  
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(a) (b) 
  
(c) (d) 
Figure 5.10: The in-column and post-column peak resolution analysis in isocratic mobile phases 
for the separation of 5 analytes. Peak resolution for (a) DOPAC – 5-HIAA, (b) 5-HIAA – AD, (c) 
AD – DA, (d) DA – 5-HT. 
 
Generally, the trend for all peak resolutions shows that the mobile phase with 10 % 
methanol and 90 % citric acid buffer (green line and marks) has the lowest resolution 
for all analytes as compared to the other mobile phases. The resolutions at the post-
column detectors are again lower in all cases as compared to the last in-column 
detectors. The peak resolutions for DOPAC – 5-HIAA and 5-HIAA – AD started with 
zero resolution, as these analytes were not separated at the location of the first in-
column electrode, E1. To reach baseline separation for DOPAC – 5-HIAA (Figure 
5.10(a)) the separation column has to be at least 35 mm long with no more than 7.5 %  
methanol in the mobile phase.  
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For the separation between 5-HIAA – AD (Figure 5.10(b)), the earliest 
baseline separation can be observed at E5 (28.7 mm from column inlet) using 7.5 % 
methanol. In mobile phase with 2.5 % and 5 % methanol, the separation between 5-
HIAA – AD was slow as these analytes were retained longer in the stationary phase. 
In high composition of methanol (10%), the separation between 5-HIAA – AD 
speeded up as methanol quickly washed out the analytes, but this caused incomplete 
separation. A methanol concentration of 7.5% therefore shows the best resolution for 
the separation of 5-HIAA – AD.  
 
The peak resolutions for AD-DA and DA- 5-HT from Figure 5.10 (c) and (d) 
respectively were observed to have baseline separation (Rs > 1.5) from the first in-
column electrode for all composition of mobile phases. Therefore, the highest fraction 
of methanol in the mobile phase is the best to be used for the separation between AD, 
DA and 5-HT as the total separation time can be reduced without losing the baseline 
separation between these analytes.  
 
5.3.2 Gradient mode assay and separation analysis  
 
From Section 5.3.1, we have optimised the methanol fraction of isocratic 
mobile phases. A gradient mode is now introduced in order to obtain good peak 
resolutions and good retention time for the separation of all five analytes.  
 
Two isocratic mobile phase solutions, 2.5: 97.5 (v/v) and 10: 90 (v/v) 
methanol, citric acid buffer were used. The gradient mode setting is described in 
Section 5.2.3. The full traces of the separation in gradient mode mobile phase and the 
comparison of an isocratic (2.5: 97.5 (v/v) methanol, citric acid buffer) and a gradient 
mode chromatograms of the last in-column electrode (E8) are shown in Figure 5.11. 
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(a) 
 
(b) 
 
Figure 5.11: (a) Full traces of eight in-column detectors located along the separation column, 
showing the separation process of 5 analytes in gradient mode using two mobile phases: 2.5 % : 
97.5 %  and 10 % : 90 % (v/v) MeOH: citric buffer at 80 µl min-1 flow rate. The line parallel with 
the time axis indicates the composition of methanol used in the mobile phase according to time. (b) 
Two traces of chromatograms from the last in-column electrode (E8) in isocratic and gradient 
mode. Sequence eluted of solutes is the same as in Figure 5.3. 
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Figure 5.11 (a) shows the chromatograms at all in-column detectors and a bar 
showing when a gradient mode mobile phase was applied. Figure 5.11(b) shows 
gradient mode setting for the system where the system was started off with 100% of 
mobile phase with 2.5 % methanol and 97.5 % citric acid buffer (Mobile phase A). 
Mobile phase A was gradually switched to 10 % methanol and 90 % citric acid buffer 
(Mobile phase B) after 5 min where the first three eluted analytes were almost 
comfortably baseline separated at E4. The mobile phase was 100 % changed to 
Mobile phase B at 15 minutes as the first three analytes have been completely 
detected at E8. Mobile phase B was continuously pumped through the column for 30 
minutes. Good separation was observed at E5 (purple in Figure 5.11(a)) where 5-HT 
was eluted at 43.3 s, the running mobile phase was switched back from Mobile phase 
B to A in 2 minutes.  
 
This gradient mode assay shows a great improvement of total separation 
duration for the 5 analytes as compared to the isocratic mode assay. This gradient 
mode assay has greatly affected the retention time of serotonin however the other 
retention times remain almost the same. Details of comparisons between retention 
time for each analytes in isocratic (only Mobile phase A) and gradient mode are 
shown in Figure 5.12.  
 
Figure 5.12: In-column retention time for five analytes under isocratic (2.5% methanol to 97.5 % 
Citric acid buffer) and gradient separation mode.  
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As DOPAC, 5-HIAA and AD retained less in the column, these three analytes 
were eluted from the column in shorter time before the system was fully changed to 
Mobile phase B. Therefore, the condition of the gradient mode mobile phase at the 
beginning of the separation was almost the same as the isocratic mode. Hence no 
significant changes can be noticed for the first three eluted analytes as compared to 
isocratic mode assay. Figure 5.12 shows that for dopamine, the retention time 
increases more slowly along the column in the gradient elution mode. This is more 
evident for serotonin where gradient mode has greatly reduced the retention time.  
 
Further analysis was carried out to understand the separation process under 
gradient mode. As the composition of the mobile phase has switched from lower to 
higher fraction of organic phase, the resolutions of all analytes in the separation 
reduced. To identify the best separation data across the column, the in-column 
resolution of all analytes are analysed and shown in Figure 5.13.  
 
 
(a) (b) 
(c) (d) 
Figure 5.13: In-column peak resolution for (a) DOPAC – 5-HIAA (b) 5-HIAA – AD (c) AD - DA 
(d) DA – 5-HT. 
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Compared to Figure 5.10, resolutions are the lowest for all analytes as the organic 
phase in the mobile phase increased to 10 %. Figure 5.13 (a) and (d) show that the 
peak resolutions for DOPAC – 5-HIHAA and DA – 5-HT were lower in gradient 
mode. However, the peak resolution of 5-HIAA – AD and AD – DA, in gradient 
mode shows better resolutions towards the second half of the column as compared to 
the isocratic mode. As 5-HIAA begins to separate from the other analytes (which can 
be seen in E2 in Figure 5.11(a) at time 212 s) and continues to be eluted from column 
as the mobile phase has begun to switch from 2.5 % to 10 % methanol. In Section 
5.3.1 after Figure 5.10, the best resolution between 5-HIAA and AD can be obtained 
specifically at 7.5 % methanol. Therefore from Figure 5.13(b), in the process of 
switching the mobile phase from 2.5 % to 10 % methanol, the gradient mode setting 
has provided the best composition of mobile phase that allow good separation 
between 5-HIAA and AD. Besides that, a similar phenomenon was observed for the 
peak resolution for AD – DA. On the other hand, Figure 5.13(d) shows a significant 
drop of resolution for DA – 5-HT as expected when the organic phase has increased to 
10 %. However, the drop of resolution for DA – 5-HT is not affecting the whole 
separation performance as the resolution is still a good baseline separation.  
 
We can conclude that the plate height was analysed and generally, the gradient 
mode shows better plate heights compared to isocratic mode and the plate height 
comparison of these modes are illustrated in Figure 5.14. Also most important 
advantage of gradient LC is to have a shorter analysis time. 
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Figure 5.14: Plate height comparison between isocratic and gradient mode mobile phase for (a) 
DOPAC (b) 5-HIAA (c) AD (d) DA and (e) 5-HT. [Please note that for DOPAC, 5-HIAA and AD, 
plate height for E1 is excluded as no separation was observed for these analytes.] 
 
Figure 5.14 show that the average plate heights for all analytes were slightly better in 
the gradient mode throughout the column. The overall average plate heights for 
isocratic and gradient mode are ranging from 0.03 to 0.20 mm and 0.02 to 0.17 mm 
respectively. 
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 Another interesting comparison of plate height changes at each segment 
between electrodes is shown in Figure 5.15. 
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Figure 5.15: Comparison of the plate height changes between electrodes along the separation 
column using isocratic and gradient mode mobile phase for (a) DOPAC (b) 5-HIAA (c) AD (d) 
DA and (e) 5-HT. Segment of column is equivalent to the distance between two adjacent 
electrodes. [Please note that for DOPAC, 5-HIAA and AD, plate height for E1 is excluded as no 
separation was observed for these analytes. Details are attached in Appendix B] 
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No Significant changes of plate heights were noticed from DOPAC, 5-HIAA 
and AD between isocratic and gradient elution. However, gradient elution shows 
massive improvement of plate heights for DA and 5-HT. Figure 5.15 (d) and (e) show 
large decreases in plate height between segments 5 and 6 for serotonin and dopamine. 
This is also the location where poor packing has been observed in isocratic mode. The 
dramatic decreases in plate height cannot be accounted for by molecular level 
mechanisms, since these would also affect the whole column to a similar extent. 
Modest decreases in plate height are observed elsewhere in the column presumably 
due to the increased mobile phase viscosity which will decrease the diffusion 
coefficient and thus decrease longitudinal viscosity leads to the increased column 
pressure. It is possible that the increased pressure led to decreases of void volume 
between segments 5 and 6. This shows that gradient elution does not only shorten the 
separation time however manage to maintain good plate number and plate height 
across the column depending on the analytes used. 
 
Based on the resolution and plate height analysis shown in Figure 5.13 and 
Figure 5.14, the ‘fit-to-purpose’ separation data for gradient mode mobile phase can 
be obtained at E5 where all analytes were baseline separated and the plate height at E5 
for all analytes are below 0.2 mm with the total separation duration is  less than 45 
minutes.  
 
 
5.4 Summary 
 
In this chapter, we have demonstrated the advantages of having in-column detectors 
as compared to the post-column detector. This ‘fit-to-purpose’ detection method has 
reduced the whole waiting duration of the separation process to the minimum. Besides 
that, location of detections can be easily assigned across the column by using these 
electrochemical electrodes. Electrochemical detection offers good flexibility of 
choosing the total number of detections along the column provided there is 
availability in data acquisition system. In addition, electrochemical detections have 
managed to detect low analyte concentrations in a low volume.  
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Whole column monitoring of separation process allows more understanding of 
the affinity between each analyte and the stationary phase used in the system. Local 
detection enables local characterisation of column packing. Interestingly, poor 
packing in one section of the column appeared to be ameliorated by the increased 
pressure associated with gradient elution. Best combination of gradient mode can be 
identified easily as the separation progress can be visualized in the whole system.  
 
From the isocratic mode mobile phase analysis, resolution of each analyte 
varies accordingly to the composition of the organic phase in the mobile phase. 
However, highest composition (10 %) of organic phase reduced the resolution of the 
analytes. In gradient mode studies, the best separation of five analytes was observed at 
E6 and the process required less than 50 minutes for all analytes to be baseline 
separated. Even though the resolution for the last two eluted analytes has significantly 
reduced, gradient mode shows better plate height in general than isocratic elution.  
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Chapter 6  
Conclusions  
 
 
6.1 Conclusions 
 
This thesis describes the development of a separation technique with 
integrated whole column detection. This thesis has proved the feasibility of in-column 
electrochemical detection (ICED) for high performance liquid chromatography 
HPLC. Integrated electrode arrays embedded in the wall of a chromatography column 
have been numerically and experimentally tested to show the ability of this ICED in 
conjunction with HPLC column. This research has produced a better detection method 
as compared to conventional post-column detection for chromatography.  
 
In Chapter 2, 2D numerical models were developed for electrochemical 
reactions at microband electrodes within a flow channel. The gap between electrodes 
in an array was studied in order to reduce cross talk. A minimum gap of 2.0 mm 
where the flow velocity is 1 mm s-1 (Pe = 400) gives sufficient distance for reaching 
homogeneity of concentration before reaching the next electrode. At higher flow 
velocity (Pe > 400), cross talk is kept to minimum and the relative change in 
concentration is not significant.  
 
3D numerical models have provided quantitative estimates of the effects of 
spherical packing materials on the electrode. These numerical models have shown the 
trends of flux distributions of electrodes in an open channel (unpacked column) and 
within a packed column. In quiescent conditions, flux to the electrode in the packed 
column was slightly hindered by the presence of the particles. However, in a flowing 
stream, the patterns of diffusive flux of the electrodes in unpacked and packed column 
more closely resemble on another. Models show that by applying flow to the column, 
electrochemical detection has become interestingly useful despite the presence of 
particles. The lab-built prototype shows that the amplitude of the detected signals was 
not hindered.  
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The development and fabrication of the LC device has been described in 
Chapter 3. The fabricated device was examined for its surface and physical properties. 
Surface inspection shows the reverse imprinting method successfully produced inlaid 
electrodes with step residue within 40 nm on PET substrate. Inlaid electrodes have 
strong adhesion on the plastic substrate which can withstand the high shear caused by 
high flow velocity in the packed column thus reducing peeling problems. PET showed 
better bonding strength on thermoset polyester compared to PMMA. The semi-cured 
with thermal bonding technique allows the PET device to achieve bonding strength 
that can withstand back pressure up to 90 bar. 
 
Chapter 4 described the characterization of the electrodes and columns of the 
fabricated device. Comparisons of the cyclic voltammograms of the electrodes within 
unpacked and packed column show no significant change of electrode kinetics. The 
electrode potential versus gold pseudo reference electrode shows good 
reproducibility. The gold pseudo reference demonstrated a consistent negative shift 
relative to a standard Ag|AgCl redox potential and was unaffected by the electrolyte 
composition. 
 
In-column electrochemical detection in quiescent solution provides 
information on the column packing efficiency and estimation of surface area. Analysis 
of the amperometric and voltammetric results shows that the active electrode surface 
areas for both unpacked and packed columns are similar: the particles within the 
packed column did not block the surface area of the electrode. In-column 
electrochemical detection under flow condition for the packed column showed better 
current sensitivity compared with the unpacked column in flow. The spherical 
packing materials within the column enhanced the internal flow velocities in the 
interstices; increased mixing, due to tortuosity leads to smaller mass transport 
boundary layers. This has made electrochemistry a more interesting method for LC in-
column detection. 
 
The home packed PET column was able to separate five analytes from its 
mixture at different temperatures and using different mobile phases. The PET column 
has poorer performance than a commercial column, despite overall higher retention 
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times. However, this can be improved by developing a better low pressure packing 
protocol. 
  
In-column electrochemical detection (ICED) gives better quality of data than 
conventional post-column detection. ICED has introduced a ‘fit-for-purpose’ 
detection method in order to have the most effective separation time length. ICED 
allows monitoring of the separation progress throughout the separation column. 
Separation efficiency can now be evaluating along the whole column rather than 
depending on the post-column results. Chromatograms of the in-column detections 
showed good resolution and plate height compared to post-column detection with 
minimum band-broadening effects. 
 
The separation process along the column using isocratic and gradient mode 
elution was clearly demonstrated using the ICED. Whole column detection reveals the 
progress of affinity of each analyte along the column and as the mobile phase 
composition changes and therefore the best gradient mode can be identified.  
 
As ‘research never ends’ (quoted from The Daily Tar Heel article on 23 April 
2009), many new ideas and other possibilities emerge to further improve to current 
device. Some possible future works and applications are outlined below.  
 
 
6.2 Future work 
 
Micropumps and injection units are commonly used in conjunction with 
microfluidic devices [144, 145]. This technology would free the device from the 
massive HPLC pump. The idea is to have a small platform of the whole device by 
having the unit added on top or bottom of the device. A micropump and microinjector 
module can be added on top of the current device. Micropumps have recently become 
important for driving small volume and low flow rate on microfluidic devices. A 
pressure pump is considered to be the most suitable to be integrated in this device. A 
pressure driven pump can be driven by compressing and expanding the pump 
chamber. The pumps can be actuated by using simple electrolysis [51] or laser pulses 
[146, 147]. By integrating a micropump and microinjector, this LC device can have a 
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micro size separation column which can massively reduce the mobile phase and 
sample consumption.  
 
It would be interesting investigate the compatibility of monolithic columns 
with in-column detectors. Monolithic columns are widely used and fabricated within 
polymer microfluidic devices to perform separation in many applications from food 
analysis to bioanalytical separations [148, 149]. The preparation of the monolithic 
column is low pressure and a monolithic column is an obvious advantage for micro 
size column where silica particles are too large to be packed. Monolithic columns are 
inexpensive and simple to prepare as the column properties can be controlled by 
changing the concentration of reagents[150].   However, conventional polymer-based 
monolithic column preparations always need column wall grafting before packing the 
pre-polymer of the monolithic column [110, 151, 152]. Procedures for preparation of 
silica based microsphere monolithic column without the grafting step have been 
reported but the use of strong solvent (e.g. acetone) might not be suitable for all 
polymer based devices [153]. Further research and experimentation are needed to 
develop suitable monolithic preparation procedures and study the compatibility of 
monolithic column with in-column electrochemical detectors.  
 
Microfluidic liquid chromatography devices have been widely used in 
pharmaceutical research. The integration of in-column electrochemical detection 
along the whole separation column allows rapid determination of the optimal mobile 
phase composition since we can identify data locally at each segment of the column 
between electrodes. For example, consider a separation column with n electrodes. If 
we obtain the desired separation at electrode n/2 we then do not have to waste time 
waiting for the analyte to be eluted from the remaining half length of the column, but 
can change the composition of the mobile phase to improve elution characteristic of 
the remaining components. By knowing the retention time of each analyte at each 
electrode, the consequences of changes to the mobile phase can be analysed. This 
would allow many experiments to be done within one column and with one injection 
depending on the number of in-column electrodes available. 
 
 However, there is always a limitation on how many electrodes can be fitted in 
a single column. There are limitations of measurement instrumentations able to offer 
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many data acquisition channels. An initial idea was to design a channel with multiple 
detections by connecting all the electrodes in parallel connected to a single channel 
potentiostat. However, this would results in a very complicated and expensive circuit 
printing. One of the ideas was to design a spiral channel with an electrode placed 
across the channel from the inlet to the outlet. An example of a spiral column (total 
length 50 cm and width 500 µm) with multiple detecting points using a single 
electrode is shown in Figure 6.1.  
 
 
Figure 6.1: Spiral column with multiple detection points using single electrode. [Seven red dots 
indicate the detection points of the electrode.]  
 
The intersections of the electrode across the spiral column act as detection 
points. Only one set of data is collected, however, this set of data consists of a series 
of seven separation data and analysis would rely on sophisticated signal processing 
techniques to extract the signal at each point in the column. A longer column offers 
more space for inserting more electrodes across the spiral columns and this provides 
more opportunities to have a series of experiments carried out within the same column 
with single injection but without worrying not having sufficient control and data 
acquisition instrumentation. However, packing a long spiral column remains a huge 
challenge though using polymer monoliths would over come this. In addition, the 
geometry of the spiral column might have interesting consequences on the fluid 
mechanics and thus the separation efficiency. 
 174 
To conclude, in-column electrochemical detection has been demonstrated and 
shown to be useful. This new technology provides opportunities for additional 
innovation, rapid method development and novel device geometries.  
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Appendix A 
Numerical models and parameters 
Appendix 1 
 
Comsol Multiphysics® 2D and 3D numerical models’ parameters and settings used in 
Chapter 2. Table A.1 and Table A.2 list out the general constants and scalar 
expression used in the simulated 2D and 3D numerical models. All quiescent models 
were solved with time dependent solver, GMRES solver at fixed time, 10 ms and flow 
models with stationary solver, Direct (PARDISO). 
 
Table A.1: Constants. 
Name Expression Unit Description 
eta 1e-3  [Pa.s]  Dynamic viscosity  
rho 1e3  [kg m-3]  Density 
D 1e-9  m2 s-1  Diffusion coefficient 
c0 1  mol  Initial concentration 
F 96485.3  sA mol-1  Faraday constant 
k0 0.001  ms-1  Rate constant 
alfa 0.5    Transfer coefficient 
e 0.4  V  Electrode potential 
e0 0.25  V  Electrode formal potential 
R 8.31447 J mol-1 K-1  Molar gas constant 
T 293 K  Room temperature 
f F/(R*T)  C s2 kg-1 m-2  F(RT)-1 
 
Table A.2: Scalar expression. 
Name Expression Unit Description 
J F*k0*(c*exp(-alfa*f*(e-e0))) mol m-3  Flux density 
 
Two modules were used for the boundary and subdomain settings in all the 2D and 
3D model simulations. The modules are under the COMSOL Multiphysics® 
application modes (i) convection and diffusion module (ii) incompressible Navier-
Stokes module. The inlet, outlet and the electrode boundary are labelled in both 2D 
and 3D models.  
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A.1 2D model - double electrode 
 
 The geometry and parameters used in the 2D flow channel with double 
electrode are showed in Figure A.1 and Table A.3.  
 
 
Figure A.1: Geometry and mesh for 2D model with double electrode. 
 
 
The constant values at the inlet (concentration and normal inflow velocity) were 
changed according to the experiments. Other parameters remained the same. The 
electrode surface boundary was set to Flux and it was modelled using the Butler-
Volmer formulation (2.2) and rewrite as shown in Table A.2.  
 
Table A.3: 2D model parameter setting. 
 Convection and diffusion (cd) Incompressible Navier-Stokes (ns) 
Subdomain 
cRcD ∇⋅−=∇−⋅∇ u)(  
0u
Fu)(uI
uuu/
T
=⋅∇
+∇+∇+−⋅∇=
∇⋅+∂∂
)](P[ η
ρtρ
 
D = D m2 s-1  (Diffusion coefficient) ρ = rho kg m-3                     (Density) 
c = c0 mol      (Initial concentration) η = eta Pa.s       (Dynamic Viscosity) 
R = 0 mol m-3s-1         (Reaction rate) Fx  = 0 Nm-3           (Volume Force, x) 
u = u ms-1                                     (x-velocity) Fy  = 0 Nm-3                (Volume Force, y) 
v = v ms-1                       (y-velocity) P= 0 Pa                   (Initial pressure) 
Bo
u
n
da
ry
 
 
Inlet 
0cc =  
c0 = 1 molm-3                    (concentration) 
n-  u 0U=  
U0 = 0.001 ms-1   
(Normal inflow velocity) 
 
Outlet 
0 c) (-D =∇⋅ n   
(Convective Flux) 
0PP)( ==∇+∇  0,nu)(u Tη  
(Pressure, no viscous stress) 
P0 = 101325 Pa                  (Pressure) 
Electrode u  N  Nn cc-DN- +∇==⋅ ;0  
N0 = -J mol m-2s-1                     (Flux) 
0  u =  
Wall (No Slip) 
Walls u  N  Nn cc-D +∇==⋅ ;0  
(Insulation/Symmetry) 
0  u =  
No Slip 
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A.2  3D packed model 
 
(a) 
 
(b) 
Figure A.2: 3D packed models (a) geometry and (b) mesh. 
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The parameters for 3D model are listed in Table A.4. Constant values at the inlet were 
set according to the experiments in Chapter 2. In quiescent solution, the normal inflow 
velocity was set to zero (U0 = 0) indicated no inflow to the models and the other 
parameters remained the same.   
 
Table A.4: 3D model parameter setting. 
 Convection and diffusion (cd) Incompressible Navier-Stokes (ns) 
Subdomain 
cRcDtcδts ∇⋅−=∇−⋅∇+∂∂ u)(/  
c = concentration 0u
Fu)(uIuu T
=⋅∇
+∇+∇+−⋅∇=∇⋅ )](P[ ηρ
 
δts = 1     (Time-scaling coefficient) ρ = rho kg m-3                     (Density) 
D = D m2 s-1  (Diffusion coefficient) η = eta Pa.s       (Dynamic Viscosity) 
c = c0 mol      (Initial concentration) Fx  = 0 Nm-3           (Volume Force, x) 
R = 0 mol m-3s-1         (Reaction rate) Fy  = 0 Nm-3               (Volume Force, y) 
u = u ms-1                                     (x-velocity) Fz  = 0 Nm-3               (Volume Force, y) 
v = v ms-1                        (y-velocity) u(t0)= 0.001 ms-1 (Initial x-velocity) 
w = w ms-1                     (w-velocity)  
Bo
u
n
da
ry
 
 
Inlet 
0cc =  
c0 = 1 molm-3                    (concentration) 
n-  u 0U=  
U0 = 0.001 ms-1   
(Normal inflow velocity) 
 
Outlet 
0 c) (-D =∇⋅ n   
(Convective Flux) 
0PP)( ==∇+∇  0,nu)(u Tη  
(Pressure, no viscous stress) 
P0 = 101325 Pa                  (Pressure) 
Electrode u  N  Nn cc-DN- +∇==⋅ ;0  
N0 = -J mol m-2s-1                     (Flux) 
0  u =  
Wall (No Slip) 
Walls u  N  Nn cc-D +∇==⋅ ;0  
(Insulation/Symmetry) 
0  u =  
No Slip 
 
 
A.3 Random packed column 
 
 Figure A.3 shows the six models used in the simulation in Table 2.2 (Section 
2.2.3). Parameter settings and constants are the same as in Table A.4. 
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Model A Model B 
35 % 
45 % 
60 % 
Figure A.3: Numerical models used for the simulation in Table 2.2 (Section 2.2.3). 
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Appendix B 
Column efficiency calculation 
Appendix 2 
 
Figure B.1 shows the schematic diagram to define the segments of the column 
used in the calculation. Conventional average plate number (Nd) and plate height (Hd) 
are calculated using the length from the column inlet to the detector. However, the 
changes of the plate number (δNx) and plate height (δHx) at different segments of the 
column can be identified using in-column detectors.  
 
 
Figure B.1: Segments between electrodes. 
 
Calculation of the changes of plate numbers (δNx) and plate heights (δHx) at 
each segments (Xn distance) in the column are shown in Table B.1 and Table B.2 for 
isocratic and gradient mode elution respectively.  
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Table B.1: Calculation of plate numbers and plate heights for separation using isocratic mobile 
phase 2.5% methanol. [d = total column length from inlet to electrode n; x = dn – dn-1 ] 
Analyte n d (mm) tR (s) σ (s) d length column Between electrode Nd Hd (mm) δNx δHx (mm) 
DOPAC 
1 9.5 - - - - - - 
2 14.3 101 16.00 39.85 0.36 30.37 0.16 
3 19.1 119 14.00 72.25 0.26 32.40 0.15 
4 23.9 137 13.00 111.06 0.22 38.81 0.12 
5 28.7 158 12.50 159.77 0.18 48.71 0.10 
6 33.5 175 13.00 181.21 0.18 21.44 0.22 
7 38.3 193 13.00 220.41 0.17 39.20 0.12 
8 43.1 212 13.00 265.94 0.16 45.53 0.11 
5-HIAA 
1 9.5 - - - - - - 
2 14.3 148 20.00 54.76 0.26 45.28 0.11 
3 19.1 181 17.50 106.97 0.18 52.21 0.09 
4 23.9 211 17.50 145.37 0.16 38.40 0.13 
5 28.7 243 17.50 192.81 0.15 47.44 0.10 
6 33.5 275 19.00 209.49 0.16 16.67 0.29 
7 38.3 311 20.00 241.80 0.16 32.31 0.15 
8 43.1 346 21.00 271.46 0.16 29.66 0.16 
AD 
1 9.5 - - - - - - 
2 14.3 204 30.00 46.24 0.31 36.76 0.13 
3 19.1 249 27.00 85.05 0.22 38.81 0.12 
4 23.9 294 26.50 123.08 0.19 38.03 0.13 
5 28.7 338 21.50 247.15 0.12 124.06 0.04 
6 33.5 380 23.00 272.97 0.12 25.82 0.19 
7 38.3 431 25.00 297.22 0.13 24.25 0.20 
8 43.1 481 26.00 342.25 0.13 45.03 0.11 
DA 
1 9.5 520 67.00 60.24 0.16 60.24 0.16 
2 14.3 691 70.50 96.07 0.15 35.83 0.13 
3 19.1 870 73.00 142.03 0.13 45.97 0.10 
4 23.9 1047 67.00 244.20 0.10 102.16 0.05 
5 28.7 1208 69.00 306.50 0.09 62.30 0.08 
6 33.5 1378 78.00 312.11 0.11 5.61 0.86 
7 38.3 1556 66.00 555.82 0.07 243.71 0.02 
8 43.1 1764 74.00 568.24 0.08 12.43 0.39 
5-HT 
1 9.5 1452 176.00 68.06 0.14 68.06 0.14 
2 14.3 1950 198.00 96.99 0.15 28.93 0.17 
3 19.1 2451 194.00 159.62 0.12 62.63 0.08 
4 23.9 2943 197.00 223.18 0.11 63.56 0.08 
5 28.7 3415 226.00 228.33 0.13 5.15 0.93 
6 33.5 3975 260.00 233.74 0.14 5.41 0.89 
7 38.3 4608 284.00 263.26 0.15 29.52 0.16 
8 43.1 5167 214.00 582.97 0.07 319.71 0.02 
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Table B.2: Calculation of plate numbers and plate heights for separation using gradient mobile 
phase. [d = total column length from inlet to electrode n; x = dn – dn-1 ] 
Analyte n d (mm) tR (s) σ (s) Distance to d Between electrode Nd Hd (mm) δNx δHx (mm) 
DOPAC 
1 9.5 - - - - - - 
2 14.3 155.31 19.50 63.44 0.23 33.68 0.14 
3 19.1 177.49 17.00 109.01 0.18 45.57 0.11 
4 23.9 197.73 15.00 173.77 0.14 64.76 0.07 
5 28.7 218 15.30 203.02 0.14 29.25 0.16 
6 33.5 238 15.70 229.80 0.15 26.79 0.18 
7 38.3 258.83 15.86 266.33 0.14 36.53 0.13 
8 43.1 276.48 14.20 379.10 0.11 112.77 0.04 
5-HIAA 
1 9.5 - - - - - - 
2 14.3 212.61 18.20 136.47 0.10 106.71 0.04 
3 19.1 246.83 18.60 176.10 0.11 39.64 0.12 
4 23.9 278.33 19.00 214.59 0.11 38.49 0.12 
5 28.7 306.8 20.30 228.41 0.13 13.82 0.35 
6 33.5 339.87 20.50 274.86 0.12 46.45 0.10 
7 38.3 375.28 20.70 328.68 0.12 53.81 0.09 
8 43.1 404.96 21.10 368.35 0.12 39.67 0.12 
AD 
1 9.5 - - - - -  
2 14.3 278.32 32.00 75.65 0.19 45.89 0.10 
3 19.1 335.36 30.50 120.90 0.16 45.25 0.11 
4 23.9 383 25.70 222.09 0.11 101.19 0.05 
5 28.7 430.96 27.40 247.38 0.12 25.29 0.19 
6 33.5 482.8 27.35 311.62 0.11 64.23 0.07 
7 38.3 534 29.20 334.44 0.11 22.82 0.21 
8 43.1 588.4 27.24 466.59 0.09 132.15 0.04 
DA 
1 9.5 645.47 72.50 79.26 0.12 79.26 0.12 
2 14.3 819.47 78.00 110.38 0.13 31.11 0.15 
3 19.1 1002.67 73.00 188.66 0.10 78.28 0.06 
4 23.9 1195.73 70.70 286.04 0.08 97.38 0.05 
5 28.7 1350.53 67.30 402.70 0.07 116.66 0.04 
6 33.5 1496.16 64.00 546.51 0.06 143.81 0.03 
7 38.3 1623.72 58.40 773.03 0.05 226.52 0.02 
8 43.1 1749.6 55.00 1011.93 0.04 238.90 0.02 
5-HT 
1 9.5 1513 118.50 163.02 0.06 163.02 0.06 
2 14.3 1835 128.00 205.52 0.07 42.50 0.11 
3 19.1 2095.2 117.00 320.69 0.06 115.17 0.04 
4 23.9 2350.93 117.58 399.77 0.06 79.09 0.06 
5 28.7 2587 113.00 524.13 0.05 124.35 0.04 
6 33.5 2841 118.00 579.67 0.06 55.54 0.09 
7 38.3 3102 118.00 691.07 0.06 111.40 0.04 
8 43.1 3368 115.00 857.73 0.05 166.66 0.03 
 
 
